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Abstract
Development of Vibrating Sharp-edge Spray Ionization (VSSI) methods for Mass
Spectrometry Analysis and Imaging
Nandhini Ranganathan
Mass Spectrometry (MS) is one of the widely used tools for chemical detection down to attomole
concentrations for certain proteins. Ionization sources are a critical component for MS analysis. One of the
major ionization methods is electrospray ionization (ESI), which remains a gold standard for proteins and
peptides. ESI uses voltages up to ~4 kV to produce ions from solubilized molecules. Recently, a novel
ionization method termed vibrating sharp-edge spray ionization (VSSI) that nebulizes liquids efficiently at
the edge of a vibrating glass slide has been reported. The work in this thesis leverages the capabilities of
VSSI for continuous flow-based analysis, surface chemical analysis, and imaging. Continuous flow is a
popular sample introduction format for mass spectrometry (MS) analysis because of its compatibility with
liquid chromatography (LC) separations. The first part of the thesis focuses on the development of
continuous flow capillary Vibrating Sharp-edge Spray Ionization (cVSSI), which nebulizes liquid samples
directly at the outlet of a capillary without using high-speed nebulization gas or an electrical field. We
demonstrated two liquid chromatography-mass spectrometry (LC-MS) applications using cVSSI: 1)
separation and detection of a mixture of small molecule metabolites; and 2) bottom-up proteomics using a
protein digest of cytochrome-C as an example. The limits of detection were 5 nM for acetaminophen and
cVSSI did not contribute at all to post-column broadening of the analytes.
The second part of the thesis explores direct analysis of chemicals on a surface using a simple and
standalone ionization system for the solvent extraction-based surface analysis without the need of high
voltage. We modified the original VSSI device and developed a standalone, integrated surface sampling
and ionization system for direct MS analysis. We further characterized the performance of this method with
a series of compounds and demonstrated a comparable LOD to literature values obtained by desorption
electrospray ionization (DESI). For example, the limits of detection were 9 pg/mm2 for the pesticide
Ametryn on the surface of spinach leaves. The final part of the thesis focuses on the proof-of-concept of
VSSI for mass spectrometry imaging (MSI). We demonstrated that a 100 M solution of rhodamine B dye
that was contact printed as square could be imaged at a resolution of 250 m. VSSI is presented as an
ambient method of extraction of analyte molecules from the surface using an internal standard. Analyte is
desorbed from the surface via liquid bridge and the development of instrumentation for imaging application
is discussed. Analytical capabilities of the method for imaging applications is presented.
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Chapter 1
Introduction
1.1. Mass spectrometry:
Mass spectrometry (MS) is an analytical method that identifies specific molecules by its
characteristic molecular mass to charge. It is a powerful tool to detect trace amount of chemicals
without the need of any labeling [1]. Often the structure of a molecule can also be deducted from
the mass spectra [2]. Because of its ability to provide invaluable information quantitatively and
qualitatively, it is used in many applications such as forensics [3–5], agriculture [6,7],
environmental

monitoring [8–10],

defense [11–13],

biology [14,15],

proteomics [16–18],

metabolomics [19–21], drug testing [22–24], etc. Molecular specificity, detection sensitivity and
the availability of a wide variety of ionization sources for all molecules make mass spectrometry
a robust and popular choice for chemical detection and identification [25].
A mass spectrometer has three main components: an ionization source, mass analyzer and
an ion detector [26]. The “eye” of a mass spectrometer is the ionization source, which creates ions
of the target species. Ionization source is a crucial part of the mass spectrometer. Ionized species
are detected by the mass spectrometer as the mass of the molecule to the charge on it. Without an
ionization unit, mass spectrometer cannot detect chemicals. This step requires the removal or
addition of electrons or protons. During this process, the excess energy can be transferred into
breaking the molecule into its characteristic fragments, which provide useful information in
identifying the structure of the molecule [27]. The selection of ionization methods depends on the
type of sample to ionize such as a solid, liquid or gas. Ionization is an important component of MS
analysis as it determines what can be “seen” by the mass spectrometer. Ionization methods for MS
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can be soft or hard depending if the method resulted in fragmentation of a parent molecule. Hard
ionization involves the use of high-energy electrons to cleave chemical bonds within a molecule
to create ions. This results in mass spectra with many fragment peaks of the molecule. This
provides abundance of information about the molecule; however, it cannot be combined with
atmospheric pressure separation techniques such as high-performance liquid chromatography
(HPLC).
After the sample is ionized, the gas phase ions pass through a mass analyzer. Mass analyzer
is the part of the equipment that separates masses of the ionized species based on the mass to
charge rations. Then the ions from the mass analyzer passes through the ion detector, which records
the data. Schematic of a mass spectrometer is shown in Fig 1.1.

Figure 1.1: Schematic of components of a mass spectrometer
1.2. Electrospray ionization (ESI):
Electrospray ionization (ESI) [28] is the most widely used soft ionizations for liquid
samples since its inception in the 1980s. The concept of electrospray was introduced in 1968 by
Malcom Dole [29]. The development of ESI-MS by John Fenn is an important application of the
method for which 2002 Nobel Prize in Chemistry is awarded. It is predominantly useful for the
characterization of large biomolecules. Schematic of ESI is shown in Fig. 1.2. In ESI, as the name
indicates, a fine spray of highly charged droplets is produced under a high voltage (typically in the
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order of 2-5 kV) is applied to the tip of capillary through which the liquid analyte is pumped with
respect to the mass spectrometer (MS) inlet. This applied voltage is typically with respect to the
inlet of the mass spectrometer, and it can vary depending upon the mode of operation- to see
positive ions or negative ions. Due to the applied voltage, at the tip of the capillary, deformation
of the liquid occurs to form a Taylor cone. At the Rayleigh limit, the unstable Taylor cone forms
tiny drops which then subsequently fission into tiny daughter droplets when the surface charge
density exceeds the surface tension of the droplet. Further fission of the droplets occurs due to the
high electrostatic repulsion of charges which produces very small highly charged droplets in the
gas phase. Evaporation of solvent occurs simultaneously which leads to the generation of gasphase ions. Today heated electrospray ionization (HESI) is available in which the surrounding
environment of the needle is heated, and an auxiliary gas flow is used [30]. This results in
improved desolvation process and increases ion intensity. Typical ESI solvent consists of small
quantities (<1 %) of acetic acid or formic acid or trifluoroacetic acid in order to increase the
availability of protons for ionization [31].
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ESI setup consists of a probe nozzle which houses the ESI needle and the necessary
electrical connect for applying appropriate high voltage with respect to the mass spectrometer inlet.
Based on the polarity of the voltage applied, mass spectrometer can detect ions in either positive
or negative mode. The probe nozzle directs the sheath gas and auxiliary flow gases at the tip of the
needle housing. The port for the sheath and auxiliary gases are in the probe body, along with a
high voltage application and grounding union holder. The sheath gas is the closest to the ESI
sprayer which is a nitrogen gas that aids in nebulizing the droplets into a fine mist. The auxiliary
gas flow is on the outer part of the sprayer, which is usually heated and aids in the desolvation of
sample solutions.
Combination of ESI and separation methods makes the method a popular choice of
ionization method for mass spectrometry [32]. High-performance liquid chromatography (HPLC)
is a routinely used method in analytical chemistry where the chemical of interest is often in a
matrix and needs to be separated before analysis [33], and proteomics in which the protein or
peptide is often digested prior to analysis [34]. ESI can directly ionize eluents from a HPLC
column which makes the separation and analysis convenient. Post column derivatization of eluents
from LC, addition of organic solvent and regulating output flow rates to <1 mL/min are often
necessary to ensure optimal ESI performance [35].

1.3. Ambient ionization methods:
For many applications, such as forensics, defense, environmental monitoring, quality
control in agriculture and pharmaceutical industries, there is an increasing need for ambient
ionization methods [36]. Ambient methods of ionization quickly gained popularity since the
introduction of desorption electrospray ionization (DESI) [37] by Takats et al., in 2004. The goal
here is to quickly test the surface chemicals without the need for extraction protocol for
4

chemicals [5]. The timeline also coincided with the direct analysis in real time (DART) [38] in
2005 by Cody et al., and the surface sampling probes (SSPs) [39] by Oak Ridge National
Laboratory in 2002 which made direct sampling of thin-layer chromatography possible. To date,
many ambient ionization methods have been reported. The working mechanisms and applications
of the major ambient ionization strategies are discussed in detail in this subsection.

1.3.1. Desorption electrospray ionization (DESI):

Figure 1.3: Schematic of desorption electrospray ionization (DESI).

DESI uses desorption mechanism that involves continuous solid-liquid extraction process
with an ESI sprayer. Unlike ESI, ionization in DESI is carried out in ambient conditions by placing
the sample outside the mass spectrometer. The sprayer is held at a certain height and a certain angle
from sample surface. This is to ensure that droplets impinging on the surface interacts with dried
analyte and for the desorbed ions to be picked up by the MS inlet. Typical sample material for DESI
is an insulating surface such as poly(tetrafluoroethylene) (PTFE). The MS inlet is also positioned
5

at a specific height and angle from the sample surface for maximum ion collection. The schematic
of the setup is shown in Fig 1.3 in which a jet of gas produced by an ESI sprayer head to point the
solvent on the surface and to effectively produce desorbed secondary ions from the sample surface
with sufficient velocity to reach the MS inlet. DESI produces singly and multiply charged ions of
the analyte that are similar to the ion peaks produced by ESI. It is a widely used ambient ionization
method for detection of surface chemicals, such as chemical warfare agents and counterfeit
pharmaceuticals. Another unique application of DESI is the ability to perform reactive DESI. Wu
et al., employed betadine aldehyde in the spray solvent to detect cholesterol in human serum with
high degree of sensitivity and selectivity. In this method, during the solvent extraction, ionization
and detection process, chemical derivatization occurs in situ which allows the detection of a low
proton affinity analyte via nucleophilic addition reaction [40].
1.3.1.1. Liquid-chromatography DESI:
Traditional DESI is used for analyzing dried analytes on a solid sample surface on which
a solvent spray is used to desorb analyte ions. Instead of using a solvent sprayer, eluent from an
LC column can be used directly on a sample surface to perform LC-DESI-MS [41]. This method
uses the eluent of an LC column to replace the solvent for DESI. This allows detecting a wide
variety of molecules ranging from organic molecules to high molecular weight proteins. Eluent
flow rates can be as high as 1.8 mL/min and analytes with salts in the range of 50 mM can be
detected without pre-treatment [42]. At this flow rate, they reported ESI could not ionize liquids
due to flooding of liquid at the capillary tip. For ionization, liquid DESI does not require the
addition of organic phase nor post-column derivatization. The same group reported in 2014 with
the use of a LC eluent splitting technique through a tiny orifice in a LC capillary, “near real-time”
detection was possible with negligible dead volume and back pressure [43].
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1.3.1.2. Easy ambient sonic spray ionization (EASI):
EASI [44] uses the same setup as DESI but without the application of high voltage. This
absence of high voltage makes it a gentle sonic spray system that uses compressed nitrogen or air
to create charged droplets of a liquid solution flowing through a capillary. It was previously named
desorption sonic spray ionization (DeSSI) [45]. The charges are created due to the statistical
imbalance in the distribution of charges with the addition of compressed gases. The method can
be used for ionizing a wide variety of analytes ranging from oils to drug tablets. Renato Haddad et
al., demonstrated on-spot detection and characterization of chemicals on thin-layer
chromatography (TLC) plates performed by EASI [44]. They showed that the method can analyze
mixtures of semipolar nitrogenated compounds, pharmaceutical drugs and vegetable oils, in
addition to monitoring chemical reactions. The same group also demonstrated the use of EASImembrane interface mass spectrometry (MIMS) in which solid but permeable and flexible
membranes can be used as interfaces for direct analysis of aqueous solutions via EASI [46]. The
group also demonstrated the use of EASI for imaging application using characteristic dye profiles
for different inks [47].
1.3.1.3. DESI imaging:
DESI can be used for imaging applications in which two-dimensional map of the selected
ion intensity in the sample with respect to the spatial distribution of the molecule is obtained [48].
The very first report of DESI imaging was reported by Justin M. Wiseman et al., in 2005 which
allows the analysis and reconstruction of images of a wide range of molecules from lipids to plants
and animal tissues [49]. The method can create a high-quality image from a large sample area.
Further studies in 2006 by the Cooks group reported imaging intact rat brain tissue under ambient
conditions using DESI which showed distributions of specific lipids, such as sulfatide 24:1,
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revealing distinctive subanatomical features of the rat brain with spatial resolution of less than 500
μm [50]. In 2017, Paolo Inglese et al., demonstrated the use of DESI for 3D image reconstruction
to reveal the hidden metabolic heterogeneity of cancer [51]. This was achieved using experimental
and computational workflow using deep learning and cluster analysis as a robust approach to
identify the presence of tumor subgroups of cells, providing information that cannot be captured
visually.
1.3.1.3.1. Nano desorption electrospray ionization (nano DESI):
nano DESI [52] setup differs from DESI. However, it still uses the same principle of
producing ions induced by the application of high voltage and relies on liquid microjunction (LMJ)
for desorption of analytes [39]. The LMJ is the sampling region, and its dimension can be precisely
controlled without splashing of desorbed analytes in DESI to ensure higher resolution images [53].
A primary capillary is used to constantly bring in a liquid drop at the tip of the capillary. A second
nanospray capillary is used which is also pulled and microforged to ensure a small orifice is
positioned on the liquid droplet produced by the primary capillary. The nanospray capillary is
typically a relatively smaller capillary and the orifice at the pulled end is roughly 5 µm or less. The
flow rate is also typically about 0.5 µL/min. These specifications for the capillary orifice and flow
rate ensure a small and relatively tighter sampling spot. The nanospray capillary is held at a high
voltage with respect to the MS inlet for ionization of extracted analyte molecules from the liquid
bridge. Capillary action and the applied high voltage are sufficient to have consistent fluid flow
from the liquid bridge to the ionization end of the nanospray capillary. The size of the liquid bridge
is critical as it has direct correlation to the image resolution. High spatial resolution imaging of
biological tissues using nano-DESI was reported by the Laskin group in 2019 that uses an
additional shear force probe pushing the limit of resolution to ~10 µm [54].
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1.3.2. Direct analysis in real time (DART):
DART [38] is another ambient method of ionization that uses atmospheric pressure
interactions of long-lived electronic excited-state atoms or vibronic excited-state molecules with
the sample and atmospheric gases. The method was first reported by Cody et al., in 2005. In this
method, the metastable species of gases produced from a plasma exiting off a grounded electrode
to remove charged species. Only neutral molecules exit the electrode and impinge on the sample
that is in ambient conditions. The sample can be directly placed between the exit electrode for the
metastable atoms in the ion source and the MS inlet. Sample is ionized via likely a Penning
mechanism in which transfer of energy from the excited gas to an analyte with lower ionization
potential than the energy of the gas molecule [55]. Samples in solid, liquid and gaseous phases can
be ionized by this method. Surface chemicals can be “desorbed” and ionized in real time without
sample preparation. Absence of solvent for ionization makes the method a popular method for
practical applications such as detection of chemical warfare agents, drugs and explosives.

1.3.3. Liquid extraction-based techniques:
Liquid extraction is an efficient means of desorbing analytes from surfaces. In addition to
NanoDESI, several strategies have been reported to couple liquid extraction with MS analysis.
1.3.3.1. Liquid extraction-based surface analysis (LESA):
Liquid extraction surface analysis mass spectrometry (LESA-MS) [56] is a novel surface
profiling technique that combines micro-liquid extraction from a solid surface with nanoelectrospray mass spectrometry. LESA is an ambient mass spectrometry technique that combines
chemical extraction from a dried sample surface and subsequent ionization of the extracted analyte.
The process is fully automated with the use of a Nanomate robotic pipette chip-based nano-ESI.
The robotic arm with disposable pipette tips picks up the sample via liquid microjuntion (LMJ)
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with spatial resolution of 1 mm. With the application of a high voltage to the tip and appropriate
gas pressure on the tip, nanoelectrospray is initiated. The use of disposable tips eliminates sample
carry over from one sampling spot to another. A direct application of the method is to obtain
distribution of drugs and their metabolites by analyzing ex vivo tissue sections as reported by
Daniel Eikel et al., which is traditionally achieved by quantitative whole-body autoradiography
(QWBA) [56]. The same group also showed that it is can quantitatively detect pesticides on fruit
and vegetable surfaces present at levels 20-fold below generally allowed EPA tolerance levels to
be used as a screening method for food safety purposes [57].
1.3.3.2. Probe electrospray ionization (PESI):
PESI [58] uses an electrospray-based ionization system that can operate in ambient
conditions allowing analysis of samples rapidly, which minimizes sample preparation before
analysis. The sample is picked up by a needle (probe) to which high voltage is applied to induce
electrospray of the sample. The probe serves two purposes at once- sample pick up and subsequent
ionization of it. During the sample pick up, probe is lowered and held at ground level. After picking
up, the probe is raised and aligned to be in line with the mass spectrometer inlet and held at high
voltage to initiate electrospray. Small volumes of samples can be easily picked up and ionized by
this method. PESI is used for direct analysis of tissues and metabolic profiling. PESI is a two-step
technique that uses disposable solid sampling method to pick up sample, followed by electrospray
probes to induce ionization of the picked-up sample. Biological tissues were probed by the PESI
needle tip and the biological fluid adhering to the needle were electrosprayed directly or assisted
by additional solvent added onto the needle surface. Chen et al., demonstrated the applications of
PESI for ambient imaging mass spectrometry of mouse brain section [59]. They incorporated an
auxiliary heated capillary sprayer to the PESI probe to detect phospholipids and
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galactosylceramides from a mouse brain section in positive ion mode, to recreate images with 60
µm lateral resolution. The Hiroaka group showed that PESI is tolerant to the presence of salts and
buffers in sample solutions [60]. Mandal et al., also demonstrated that PESI is applicable to sample
solutions that contain high-concentration of detergents. Therefore, PESI is a promising analytical
tool for direct analysis of protein extracts and digests containing high-concentration detergents.

1.3.4. Ultrasonic based ionization:
Ultrasound based ionization methods use acoustic waves to ionize liquids. Because of the
absence of high voltage, the method can be used for delicate biological samples. This subsection
discusses major ionization methods that uses ultrasound for ionization.
1.3.4.1. Surface acoustic wave nebulization (SAWN):
Surface acoustic wave (SAW) is generated by applying RF signals to interdigitated
transducers that are microfabricated on piezoelectric material [61]. SAW propagates along the
surface of the piezoelectric substrate. SAW allows breaking bulk liquid into small droplets at
atmospheric pressure (a process referred to as nebulization or atomization). Heron et al.,
demonstrated that SAW device on a LiNbO3 piezoelectric substrate can nebulize liquids in a
discontinuous or pulsed mode [62]. They further showed the generation of peptide ions by this
process, which are detected by mass spectrometer. Mass spectra obtained using SAW are very
similar to that of ESI without the need for high voltage. Astefanei et al., demonstrated that SAWN
generates ESI-like ions in a non-destructive manner during ionization in addition to the 10 to 1000fold reduction in sample volume when compared with existing LC-MS methods, with equal or
better sensitivity [63]. Goodlett group showed that combining SAW and Quadrupole collisioninduced dissociation (Q-CID) enabled more structural assignments than previously reported in half
the time [64]. This application of SAWN tandem MS in combination with hierarchical tandem
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mass spectrometry (HiTMS) offers high-throughput lipid structural analysis and detection of
pathogens based on lipid fingerprinting.
1.3.4.2. Array of Micromachined UltraSonic Electrospray (AMUSE):
AMUSE [65] is a different type of Ultrasonic ionization method in which droplet formation
and droplet charge generation are two different processes. The instrumentation consists of a
piezoelectric transducer that produces ultrasonic waves at a particular resonant frequency, an array
of micromachined silicon wafers that resembles horns, and a spacer that prevents the contact
between the piezo electric transducer and the array of horns. This method helps to generate droplets
based on the applied signal (amplitude and frequency) and further charging of the produced
droplets can also be achieved with the use of external DC field. The method was reported by J. M.
Meacham et al., in which the AMUSE ionization source with an external electric field localized
and focused at the ejection interface near the nozzle orifice induces efficient charge separation,
resulting in the ejection of charged droplets [66]. To maximize the net charge placed on individual
droplets upon ejection and hence improve ionization efficiency and sensitivity, the external DC
field is necessary. Hampton et al., showed a comparison of the internal energy between
conventional ESI and AMUSE to show that a superior softness of analyte ionization is achieved
by AMUSE under certain operating conditions [67]. Multiplexed operation of the AMUSE has
been demonstrated by Forbes et al., thus establishing a direct path to a multiplexed ion source for
mass spectrometry applications which opens up a plethora of applications involving biological
samples [65].
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1.4.Gap in technology:
While mechanical based ionization methods have shown great promise to improve and
simplify MS analysis, several limitations still exist.
1) Difficult to combine with separation techniques: There is a strong need for integration of
ionization methods with separation techniques such as LC for high-throughput processing
of chemicals in metabolomics and proteomics. All of the current mechanical based
ionization methods use microchips or ionize discrete volumes of fluids. Eluents from an LC
column are typically hundreds of microliters per minute. Even though the current
mechanical methods are efficient in ionizing small scales of liquids, it is difficult to couple
these methods for LC-MS applications.
2) Unable to ionize surface samples: Direct analysis of chemicals on a surface using MS is of
great importance in forensics, food and drug safety, environmental monitoring, and defense.
Solvent extraction-based surface analysis offers a convenient way of controlling the
desorption conditions and applying internal standards. The current mechanical based
methods ionize liquids that contain analyte, but they cannot probe surface samples directly.
For analysis of chemicals on a surface, it is important to pick up samples from the surface
and ionize the analytes. This often involves an additional step of sample pick up and pretreatment prior to analysis for existing methods.
3) Have not been demonstrated for mass spectrometry imaging: Current mechanical based
methods are primarily for ionization of liquid analytes. Mass spectrometry imaging is an
attractive area of research that is primarily achieved by MALDI, DESI, and nanoDESI
based ionization methods. Developing novel imaging methods that are non-destructive,
gentle, and biocompatible will be valuable to study biological samples in their native state.
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The work presented in this thesis focused on the development of VSSI-based methods for
tackling the above-mentioned limitations in existing mechanical based ionization methods.
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Chapter 2
Capillary Vibrating Sharp-edge Spray Ionization (cVSSI) for Voltage-free
Liquid Chromatography-Mass Spectrometry1
2.1. Introduction:
Mass spectrometry (MS) is a robust tool to detect and quantify molecules with a high
degree of accuracy, resolution and information available for appropriate data processing

1, 2

. MS

technologies have been widely applied to diverse fields 3, including chemical analysis, forensics 46

, plant sciences 7-9, materials 10-13 and basic life sciences 14-20. In these areas of application, there

is often a need for chemicals or biomolecules to be separated from a mixture using liquid
chromatography (LC) methods prior to MS analysis. Current standard LC-MS systems use
electrospray ionization (ESI) 21 to produce gas-phase ions of sample analyte as ESI is compatible
with the fluidic system of LC 22. While ESI has been widely used in many LC-MS applications,
for chemicals that are sensitive to electrochemical reactions or biomolecules that need to be
investigated in the absence of a high voltage, a voltage-free ionization method would be more
desired

23-25

. To date, several voltage-free ionization methods have been coupled to LC systems

including thermospray, sonic spray ionization (SSI), and solvent assisted inlet ionization (SAII) 2629

. In addition, ultrasonic agitation has also been demonstrated as an effective voltage-free

ionization strategy with the advantages of small system footprint, high flexibility, and ease of use
30-33

. However, existing mechanical ultrasonic ionization methods are difficult to integrate with

1
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LC systems as these methods require liquid sample to be placed on a substrate surface, which is
not directly compatible with a LC fluidic system. Although surface acoustic wave nebulization
(SAWN) has been coupled to a LC by placing the outlet of the LC capillary tubing on top of the
SAW substrate for peptide analysis, this discrete coupling strategy is prone to dead volume,
carryover, and injection variation effects 33. As a result, the optimal flow rate range for this setup
is limited (1-5 μL/min). Here we report a new mechanical vibration-based ionization method,
capillary Vibrating Sharp-edge Spray Ionization (cVSSI) that can directly nebulize and ionize LC
eluent at the end of a capillary thereby eliminating the issues caused by previous discrete
connection methods.
The cVSSI is built upon the recently reported vibrating sharp-edge spray ionization (VSSI)
principle 34. In VSSI, liquid samples are nebulized at sharp-edges of a vibrating glass slide, which
produces ESI-like mass spectra. VSSI offers a convenient way of ionizing target molecules for
direct MS analysis due to its simplicity and flexibility. One disadvantage with the glass slide
platform in VSSI is the difficulty for continuous flow injection analysis. Thus, it is not suitable for
direct coupling with LC or other continuous flow-based MS analyses. Here, we report a modified
VSSI method, cVSSI, that can nebulize liquid samples directly at the outlet of a fused silica
capillary based on the VSSI principle, which allows for continuous flow-based injection.
cVSSI consists of a capillary attached to a glass slide, which can be vibrated by a
piezoelectric transducer (Fig. 1). Once liquid reaches the outlet of the vibrating capillary, it is
subsequently nebulized and directed to the inlet of the mass spectrometer. The capillary setup
improves the signal stability, reproducibility and quantification capability over the previous VSSI
method. 5 orders of magnitude linear response for acetaminophen solution is achieved using cVSSI
with a limit of detection (LOD) of 3 nM. More importantly, cVSSI enables the direct coupling of
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LC separation with MS analysis. We demonstrate two typical applications of LC-MS analysis with
cVSSI including the analysis of a metabolite mixture and a bottom-up proteomics analysis of a
protein digestion. The cVSSI method offers a new means of generating a microdroplet plume
directly from the capillary outlet without the need of a nebulizing gas and electrical field, which
greatly simplifies the setup and reduces the footprint of the ionization unit for continuous flowbased MS analysis.

2.2. Experimental Section:

2.2.1. Materials and reagents:
High performance liquid chromatography (HPLC)-grade acetonitrile, water, ammonium
acetate and formic acid were purchased from Fischer Scientific (NJ, USA). Sucrose, caffeine,
acetaminophen, dopamine and acetic acid were purchased from Sigma Aldrich (MO, USA).
Benzoic acid was purchased from Fischer Scientific. Guanine and Guanosine were purchased from
Acros Organics (NJ, USA). Angiotensin I was purchased from Alfa Aesar (MA, USA). Ubiquitin
was purchased from Boston Biochem (MA, USA). Cytochrome c (equine) and pepsin (porcine, ≥
2500 units/mg protein) were purchased from Sigma-Aldrich (MO, USA) and used without further
purification.

2.2.2. Instrument:
A high-performance Q-Exactive (ThermoScientific) mass spectrometer featuring
quadrupole precursor selection with high resolution, accurate-mass (HR/AM) orbitrap detection
was used for all MS analyses. The Accela ultra high-performance liquid chromatography system
(ThermoScientific) was used for LC separation experiments which also features a photodiode array
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detector for absorbance measurements across multiple wavelengths. Measurements were carried
out under ambient conditions and employed a capillary inlet temperature of 250 °C. A Model
Fusion 200 syringe pump from Chemyx Inc was used to pump analytes at set flow rates.

2.2.3. cVSSI fabrication and operation:
cVSSI devices were fabricated by attaching a short piece (~5.5 cm) of fused silica capillary
(Polymicro Technologies) on the distal end of a VSSI device. The capillary is immobilized on the

VSSI glass slide by glass glue. A detailed fabrication of the VSSI device is described in our
previous work. Briefly, a piezoelectric diaphragm (Murata) is bonded to one end of a No.1
microscope glass slide (VWR) using epoxy based super glue (Devcon).
The cVSSI device is activated using a function generator (Tektronix) and a power amplifier
(Mini-Circuits) at frequencies of 93-97 kHz. For direct MS analysis, cVSSI is connected with 3026

gauge PTFE tubing for sample introduction. The device was nominally placed in line with the inlet
of the mass spectrometer at a distance of ~5 mm. For LC-MS experiments, cVSSI is connected to
the LC fluidic system via a MicroTight Union connector (Upchurch).

2.2.4. LC-MS and LC-MS/MS analysis:
A reversed-phase C18 analytical column (ThermoFisher Scientific, catalog number:
17626-052130), 2.1 mm diameter, 50 mm length, 2.6 µm particle size, pore size 80Å, was used
for LC separation. 0.1% formic acid in water (buffer A) and HPLC grade methanol (buffer B) were
used as the aqueous and organic phase buffer solutions. The separation flow rate was set at 500
µL/min. A gradient program for the metabolites’ separation is listed as follows: start 5.0% B; 1.5
min 5.0% B; 8.5 min 30% B; 11.5 min 100% B; 14.5 min 100% B; 17.5 min 5% B. For each
injection, 20 µL of sample was used. The eluant from the HPLC column was split to reduce the
load on the cVVSI device using a 10:1 split. Therefore, eluant passed through the cVVSI device
at a rate of 50 µL/min (down from 500 µL/min through the column). The flow was split at the end
of the HPLC column using a T-connector in which one tenth of the length of the fused silica
capillary from the T-connector to the cVVSI was connected to waste. The remaining solvent
flowed through the cVVSI device. The cVSSI flow rate was determined by measuring the volume
of the collected solvent obtained when the device was not operating.
The same reversed-phase column, solvent buffers, and flow rate were employed for the
protein digest separation. The peptic digestion of cytochrome c was achieved by dissolving 10 mg
of cytochrome c in 1.0 mL of pure water with subsequent addition of 0.5 mg of pepsin. The solution
was then acidified to a pH of ~3.5 by dropwise addition of acetic acid. A gradient program for the
peptide separation is listed as follows: start 5.0% B; 1.0 min 5.0% B; 18 min 50% B; 21 min 100%
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B; 24 min 100% B; 27 min 5% B; 30 min 5% B. For each injection, 20 µL of sample was used.
The flow was split 10:1 for the cVSSI into the mass spectrometer.
The mass spectrometer settings for the two different analyses were as follows. For the
full/precursor ion mass spectrum collection in the LC-MS and LC-MS/MS analyses, a resolving
power of 7×104 was used. For the LC-MS/MS analysis, the data-dependent approach used a
resolving power of 1.75×104 for the fragment ion spectra and a m/z isolation window of 5. A value
of 5 was used for the maximum number of MS/MS spectra to be acquired between precursor ion
MS spectra collection.

2.3. Results and discussion:

2.3.1. Nebulization at the capillary tip:
In our previous report, liquid is nebulized at the sharp-edge of a vibrating glass slide 34. We
speculated that the high vibration amplitude and the sharp-edge induced acoustic streaming are the
main contributor to this phenomenon. Therefore, we hypothesize that if we can generate a similar
vibration at the outlet of a capillary, nebulization with a capillary can also be achieved without the
need of a high-voltage electrical field, high-speed nebulizing gas, or a vacuum system. To generate
effective vibration of a glass capillary, we sought to modify our previous VSSI setup by attaching
a short piece of fused silica capillary (5.5 cm in length; 100 µm ID, and 360 µm OD) on the distal
end of a VSSI glass slide as shown in Fig. 2.2. By applying ~93 kHz signal to the transducer, we
observed plume generation when water was pumped through the capillary at a flow rate of 20
μL/min with a power input ~260 mW. To generate efficient vibration at the tip of capillary, the
relevant position between the capillary and the glass slide requires optimization. With the VSSI
setup, the distal end of the glass slide allows for the highest vibration amplitude, so we first
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attached the capillary onto the distal end of the glass slide using epoxy glue (Fig. 2.2a). To ensure
optimal vibration at the outlet of the capillary, the total mass extended beyond the glass slide was
minimized. When the capillary extends ~4 cm beyond the glass slide (Fig. 2.2b), nebulization
efficiency deceases due to a damping effect. The outlet of the capillary also should not be placed
too close to the end of the glass slide, which causes instable spray as liquid can flow back onto the
glass slide (Fig. 2.2c). We determined the optimal extension for the outlet end of the capillary was
~1 cm, which can maintain a stable spray while requiring small power input. We also found that
the length of the inlet end of the capillary has minimal impact on the nebulization. This feature
allows us to maintain a relatively long inlet end (~4 cm) for convenient tubing connection. The
inlet end of the capillary can be connected to plastic tubing directly for low pressure injection or

Figure 2.2: (a) Optimal position for capillary attachment on the glass slide. (b) and (c) Nonoptimal positions for capillary attachment that damp plume generation or cause instable plume
generation. (e) and (f) Droplet size distribution for VSSI and cVSSI, respectively.
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connected to a capillary connector for high pressure applications, e.g. LC-MS, without affecting
the nebulization at the capillary outlet. Compared to direct VSSI, we noticed a frequency shift
from 97 kHz to 93 kHz in cVSSI experiments due to the added mass in cVSSI. We also compared
the droplet sizes generated by cVSSI and VSSI using water, which shows a similar size distribution
(Fig. 2.2 e&f) for both setups. Olympus IX73 inverted microscope was used for droplet size
characterization under 10X magnification. In cVSSI, the average size of droplets is 12±5 μm,
which is determined by capturing the droplets from the plume with mineral oil and subsequently
examining aqueous droplets under a microscope.
We also studied the size of the capillary and its impact on plume generation. In addition to
the 100 µm ID capillary, 50, 75, 250 µm ID capillaries were also tested. All of these capillaries
worked for cVSSI under the proper power input. Generally, as the ID of the capillary decreases, a
higher power input to nebulize the liquid is required. This trend may be expected as the ID
decreases, the thickness of the capillary wall increases. Based on our previous VSSI study, the
vibration at the sharp-edge is critical to the nebulization phenomenon. A thicker wall will result in
less efficient vibration at the tip so that higher power input is required. While 250 μm ID capillary
has the thinnest wall, it is more fragile than other capillaries and less optimal when handling low
flow rates (<10 μL/min). Despite the slight difference in power requirement, we selected the 100
μm ID capillary as the optimal capillary for our experiments.
Another important characteristic of cVSSI is the permissible flow rates. With 100 μm ID
capillary, we tested flow rates ranging from 1 μL/min to 1 mL/min. cVSSI can nebulize liquid
sample at all the flow rates in this range with the appropriate power input. At 1 μL/min, the power
requirement for nebulizing fluid is ~130 mW. As the flow rate increases to 20 μL/min, the power
requirement increases to ~260 mW. At 1 mL/min, it requires ~760 mW power to form stable
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plume. These experiments demonstrate cVSSI can work over a wide range of flow rates to
accommodate different experimental setups. Even at the only tested high flow rates (~1 mL/min),
less than 1 W of power consumption is still reasonable. Here the flow rate range (1 μL/min to 1
mL/min) is mainly limited by the capillary dimension rather than cVSSI. Using 250 μm ID
capillary, we achieved a ~2.8 mL/min flow rate using cVSSI. For flow rates <1 μL/min, a smaller
ID capillary is required as the current 100 μm ID capillary is prone to instable flow with common
syringe pumps. Collectively, we demonstrate a novel method for direct fluid nebulization from the
outlet of a capillary without the need of a nebulization gas or electric field.

2.3.2. Characterization of cVSSI-MS:
After optimizing the operational parameters of cVSSI, we characterized the ionization
performance of cVSSI in MS analysis. A series of solutions containing a small molecule, a peptide
and proteins was tested using cVSSI-MS. The flow rate was set at 20 µL/min for all of the
measurements. As shown in Fig. 3, 10 µM solutions of acetaminophen, angiotensin I, cytochrome
c and ubiquitin in either MeCN/H2O (1:1) or in pure H2O solution resulted in successful analyte
detection with cVSSI-MS. The mass spectra are consistent with those obtained using VSSI in our
previous work, both of which present ESI-like spectra. For angiotensin I, a charge state distribution
ranging from +1 to +3 was observed with pure water as the solvent, and +2 is the dominant peak.
After adding 0.1% formic acid to the water solution, the relative abundance of the +3 peak
increased significantly while the +2 feature is still the most dominant peak (Fig. 2.4 a&b). For

31

protein solutions, ESI-like charge state distributions were obtained with +5 to +12 charge states
for cytochrome c and +4 to +10 ions for ubiquitin. We also observed charge state reduction when
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Figure 2.3: (a) Mass spectrum of acetaminophen solution in water: acetonitrile (1:1) at 20
µL/min (b) Mass spectrum of 10 µM solution of angiotensin I in water, (c) Mass spectrum of
10 µM solution of cytochrome c in water and (d) Mass spectrum of 10 µM solution of ubiquitin
in water.
adding 10 mM ammonium acetate to the ubiquitin solution (Fig. 2.4 c&d). The charge state
distribution shifted from +4 to +10 in water to +3 to +6 in the ammonium acetate solution.
Collectively, these results show that the ionization characteristics observed for VSSI are
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maintained in cVSSI, despite the fact that droplet nebulization occurs at the capillary outlet in
cVSSI as opposed to the edge of a glass slide.
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Figure 2.4: Mass spectra of angiotensin I in (a) water: acetonitrile (1:1) + 0.1% formic acid
and (b) water + 0.1% formic acid. Mass spectra of ubiquitin in (c) water and (d) 10 mM
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While cVSSI produces similar mass spectra as VSSI, capillary-based direct injection in
cVSSI enables more stable and convenient injection for quantitative analysis. We examined the
total ion chromatogram of a 0.5 min cVSSI injection (Fig. 2.5a). A stable injection was achieved
with a CV of 4.5% observed for the ion current. The stable injection feature of cVSSI facilitates
quantitative analysis of target molecules. To characterize the performance of such quantitative
analyses using cVSSI-MS, different concentrations (1 nM-100 µM) of acetaminophen in
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Figure 2.5: (a) Relative abundance of ions detected using the cVSSI source for 30 seconds,
(b) Linear curve for acetaminophen solutions (1 nM to 100 μM) in water: acetonitrile (1:1)
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MeCN/H2O (1:1) were prepared and tested. As shown in Fig. 2.5b, a linear response over 5 orders
of magnitude for the acetaminophen solution is obtained, demonstrating the feasibility of using
cVSSI for rapid, voltage-free quantitative analysis. We further determined the limit of detection
(LOD) for acetaminophen solution with the present embodiment of cVSSI using the mean intensity
of the blank solution plus 3 times standard deviation as the threshold (Fig. 2.5c). The LOD for
acetaminophen was then determined to be ~3 nM. The sensitivity of cVSSI should be sufficient
for many voltage-free MS analyses, and can be further boosted when coupling to an electrical field.

2.3.3. Continuous flow separation and ionization using LC-cVSSI-MS:
As it is demonstrated that cVSSI can nebulize liquid sample directly at the outlet of a
capillary under a wide range of flow rates, it should also be feasible to couple with HPLC for LCMS analysis. To accommodate the high-pressure pump in HPLC and avoid leakage, we employed
a capillary connector to connect cVSSI with the HPLC fluidic system (Fig. 2.1d). The addition of
the capillary connector does not affect the performance of cVSSI. With the HPLC pump, the plume
can be properly generated under a 500 µL/min flow rate. While cVSSI can handle the 500 µL/min
flow rate, we employed a 10:1 flow splitter to reduce the amount of waste generated around the
inlet of the mass spectrometer for the actual LC separation experiment. We tested two common
LC-MS applications with the cVSSI interface: 1) LC-MS separation and detection of compounds
in a mixture of metabolites; and, 2) bottom-up proteomics identification of peptides using a protein
digest. The mass range used for separation and detection of metabolites is between 100 and 500
m/z and for the peptide digest is between 200 and 2000 m/z.
In metabolomics, LC-MS is a powerful tool to process and analyze complex biological
samples. We selected a series of representative metabolites including endogenous metabolites (L-
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valine, dopamine, guanosine, guanine), and exogenous metabolites (sucrose, acetaminophen,
caffeine, aspartame and benzoic acid). We prepared the mixture of these 9 molecules in water each
at ~100 ppm concentration and introduced a sample onto a reversed-phase C18 HPLC column at
a flow rate of 500 µL/min. Water with 0.1% formic acid and methanol were used as the aqueous
and organic phases, respectively. The eluent was introduced directly onto the cVSSI device though
a capillary connector and detected using an Orbitrap mass spectrometer. Using protonated mono
isotopic masses for the metabolites: L-valine (118.0868), dopamine (154.0868), guanosine
(284.0995), guanine (152.0572), sucrose (343.1240), acetaminophen (152.0712), caffeine
(195.0882), aspartame (295.1294) and benzoic acid (123.0446), extracted ion chromatograms for
the same species are plotted using excel. Extractions to text files were performed using the
XCalibur Software Suite (ThermoScientific).

Notably, a number of ions have overlapping

retention times; however, the high-resolution mass spectrometer allows the extraction of ion
chromatograms showing distinct features. To clearly present the LC-MS results, a selected ion
chromatogram is used here as the signal intensity of cVSSI is ~10 fold lower than ESI. As shown
in Fig. 2.6a, most of the metabolites were separated and detected by LC-cVSSI-MS. Guanosine
and guanine were not separated under the present LC separation settings, but both were detected
with cVSSI-MS. Even though only limited attention has been given to cVSSI design and
optimization (e.g., increasing the number of droplets entering the mass spectrometer inlet), the
signal levels are only about 10-fold lower than those obtained from ESI (Figure 2.6b). This is
noteworthy considering that ESI is aided by heated bath gases and has experienced many years of
source engineering. It is also possible that the lowered average charge of the droplets decreases
the overall ionization. That said, the elution times for both systems agrees well. In both systems,
less polar molecules such as caffeine and aspartame show higher signal intensities. It appears that
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ionization by cVSSI is more selective for less polar compounds compared with ESI. For instance,
the intensity ratio between the less polar caffeine and L-valine is ~20 in cVSSI, whereas the ratio
is ~3 in ESI. The ionization efficiency of voltage-free cVSSI tends to be affected more by the
inherent polarity of the target molecules. A slight peak broadening was observed in cVSSI
compared to the ESI method. The full width at half maximum (FWHM) for caffeine is 0.19 and
0.15 min in cVSSI and ESI, respectively. For aspartame, FWHM is 0.31 and 0.20 min in cVSSI
and ESI, respectively. The slight peak broadening in cVSSI could be caused by the less optimal
fluidic connections and the extended tubing length, which can be further improved with a dedicated
fluidic system design. The tailing effect observed in cVSSI is consistent with the tailing observed
in the ESI chromatogram (Figure 2.6b). Notably, features having smaller retention time exhibit
increased broadness and tailing. Because peak tailing can result from column degradation 35, it is
possible that more polar sites on the stationary phase have a greater effect on retention of the more
polar compounds. Additionally, some of the peak broadness may be attributed to the LC separation
method. Increase in total ion count for metabolites eluting at a later time point is likely attributed
to the decrease in droplet sizes due to increase in organic phase volume. Increase in methanol
volume in a drop leads to low surface tension and increased evaporation rate which increases the
ionization efficiency of compounds. Overall, cVSSI can be coupled to HPLC systems exhibiting
a wide range of flow rates and solvent systems and this work demonstrates its utility in LC-MS
analysis of metabolite mixtures.
Another common application of LC-MS is peptide identification of molecules obtained
from a protein digest. In the following study, LC-MS/MS experiments were conducted for a peptic
digest of cytochrome c to test the suitability of cVSSI-MS/MS for peptide identification. After
LC-cVSSI-MS/MS analysis, peptides were identified by a protein database search. Overall, ~75%
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Figure 2.6: (a) LC-cVSSI-MS separation of a metabolite mixture containing sucrose, Lvaline, dopamine, guanosine, guanine, acetaminophen, caffeine, aspartame and benzoic acid
each at ~100 ppm concentration and (b) LC-cVSSI-MS separation of a metabolite mixture
containing sucrose, L-valine, dopamine, guanosine, guanine, acetaminophen, caffeine,
aspartame and benzoic acid each at ~100 ppm concentration.
sequence coverage was obtained for the cytochrome c protein using the protein database approach.
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The incomplete sequence coverage could result from low-quality MS/MS spectra for some
peptides or from the fact that the precursor ions for some peptides containing the missing
sequences simply are not selected for MS/MS analysis. To determine whether or not peptide
assignments are missed by the protein database search, the ion chromatogram was searched
manually. Here, the ion signal was averaged over retention time (tR) windows of 2 minutes in
duration.
From the step-wise precursor ion analysis, a total of 78 peptides are identified. These
include species ranging in size from 2 to 29 amino acid residues and in charge state of +1 to +6.
Several heme-containing peptides are also observed. Considering the sequences of these peptides,
100% sequence coverage of the protein is demonstrated by the peptides shown in Table 1. In
general, cVSSI is shown to be sufficiently efficient for the ionization of peptides in proteomics
studies. Here it is noted that a split-flow geometry was employed. Notably, cVSSI can be
conducted at much higher flow rates, however, because there is no impetus for the large number
of droplets to enter the MS inlet beyond gas-flow entrainment, a ten-fold split was employed. This
helped to maintain the cleanliness of the source. Indeed, it may be argued that significantly higher
sensitivity could be realized by cVSSI with ion source design optimized for cVSSI’s highly
efficient droplet production at high flow rates. That said, at this early stage of development, cVSSI
is demonstrating similar performance capabilities to ESI with 100% peptide coverage which has
an advantage of being able to utilize a drying, heated bath gas.

2.4. Conclusions:
We demonstrate the utility of cVSSI in continuous flow-based MS analysis and in
combination with LC-MS. The simplicity, flexibility, small footprint and low power consumption
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of cVSSI makes it an attractive ionization strategy for MS analysis and for in-droplet chemistry.
We expect it will be especially useful for analyzing sensitive and fragile molecules that are
sensitive to electrochemical oxidation or study biomolecules in their native states. Future studies
will include elucidating specific nebulization and ionization mechanisms for cVSSI and VSSI,
further reducing the droplet size generated by cVSSI, and optimizing the fluid connection for LCcVSSI-MS system.
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Chapter 3
Direct Analysis of Surface Chemicals using Vibrating Sharp-edge Spray
Ionization Mass Spectrometry2

3.1. Introduction:
Mass spectrometry (MS) is widely used in forensics, food and drug safety1-3, chemical
analysis4-6, environmental monitoring7-12, plant sciences13,14, materials and basic life sciences15,16
and defense17,18 as a reliable method to detect and identify minute amounts of chemicals with a
high degree of accuracy, precision, and resolution19. In these diverse areas, there is a need for rapid
and direct detection of chemicals and biomolecules on various kinds of surfaces20,21 including:
tissue surfaces, such as human skin, fruit, vegetable and leaf surfaces, and many other natural and
artificial surfaces22. To apply MS analysis to the above applications requires methods that directly
sample a surface and subsequently ionize the molecules. To date, several ambient-ionization
methods have been reported that can be applied to direct characterization of molecules on surfaces.
Desorption electrospray ionization (DESI)23 and direct analysis in real time (DART)24 are the most
widely used direct-ionization methods for surface molecules. They have been used in many
applications including: analysis of drug tablets25, detection of explosives26, chemical warfare
agents and drugs22,27, toxicological analysis of bio samples28, and food control analysis of
pesticides29. In DESI, the desorption and ionization can be optimized independently for improved

Nandhini Ranganathan, Austin M. Lozier, Michael C. Rawson, Matthew B. Johnson, Peng Li. ‘Direct Analysis of
Surface Chemicals Using Vibrating Sharp-edge Spray Ionization Mass Spectrometry’ Rapid Communications in
Mass Spectrometry (2020) 34:e8902. DOI: 10.1002/rcm.8902. Obtained copyrights license from John Wiley and
Sons.
2
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performance30. Easy sonic spray assisted ionization (EASI) using pressurized gas to generate liquid
droplets shares similar workflow as the DESI without the need of a high voltage supply31,32. Laser
ablation electrospray ionization (LAESI) reported by Vertes et al. is another surface analysis
method using MS33. LAESI is especially useful to study single cells due to its high spatial
resolution and compatibility with aqueous solutions34. Another example is atmospheric pressure
matrix assisted laser desorption ionization (APMALDI), which eliminates the need for extensive
sample preparation and the vacuum requirements of conventional matrix assisted laser desorption
ionization (MALDI)35. APMALDI has the capability to fragment a target molecule that can be
used for molecular identification36. Recently, Trimpin et al., reported matrix assisted ionization
(MAI) that does not require a laser for desorption and ionization, making it an attractive method
for rapid and convenient surface analysis37-39. Based on the method for desorbing surface
molecules, there is another category of surface analysis method termed solvent extraction-based
surface analysis that employs a solvent to desorb molecules from the surface and subsequently
ionizes the sample analytes. These methods include nano desorption electrospray ionization
(nanoDESI)40, probe electrospray ionization (PESI)41, and liquid extraction surface analysis
(LESA)42. The major advantage of solvent extraction-based analysis is that internal standards can
be easily added to the desorption solvent thereby facilitating the quantification of surface
molecules using MS.
Existing solvent extraction-based surface analysis methods require high voltage to nebulize
the solution and ionize the targets, resulting in a complex system setup and/or the requirement of
well-controlled fluid flow. A potential simple and voltage-free method for solvent extraction-based
surface analysis is solvent assisted inlet ionization (SAII), which could require modification of the
mass spectrometer inlet for difficult to reach samples43. Recently, we reported a new mechanical
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vibration-based ionization method termed vibrating sharp-edge spray ionization (VSSI)44,45 in
which liquid samples are nebulized at sharp-edges of a vibrating glass slide. Existing acousticsbased methods generate droplets from liquid on a vibrating substrate for ionization46-48. For VSSI,
we have demonstrated two working modes: on-substrate ionization and touch ionization. The touch
ionization mode is directly compatible to the solvent extraction-based workflow, which can be a
convenient method for direct surface MS analysis due to its simplicity and flexibility. However,
to date, the potential of using VSSI for direct surface analysis has not been explored. In this work,
using the VSSI principle, we developed a standalone surface analysis method that has a credit-card
sized footprint (Fig. 1 B). We integrated a dispenser to precisely guide solvent onto the surface for
analysis without adding extra bulk that affects the performance of the VSSI. This method allows
efficient surface sampling and ionization with a high degree of reproducibility and the
quantification capability for MS analysis. We tested the feasibility of this method for the analysis
of chemicals ranging from small polar molecules, a small drug molecule, a pesticide, non-polar
molecules and a peptide (specifically, we tested acetaminophen, glucose, phenylalanine, caffeine,
reserpine, angiotensin II, cholesterol, raffinose, verapamil and ametryn). Our results showed
similar sensitivity to recent literature values reported for DESI23,49. Using this VSSI method, a
four-order-of-magnitude linear response for dried glucose is achieved with a limit of detection
(LOD) of 0.1 pg/mm2. More importantly, VSSI enables the direct analysis of chemicals on a
surface without the need of complex procedures or external equipment. For example, we
demonstrate the direct analysis of pesticides on organic spinach surfaces with a linear response of
two orders of magnitude. This new method offers a new means of direct surface probing on any
sample surface without prior sample preparation, which greatly improves the flexibility and
biocompatibility of MS surface analysis.
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3.2. Experimental Section:

3.2.1. Materials and reagents:
We used high performance liquid chromatography (HPLC) grade water, methanol, and
chloroform from Fisher Scientific (Waltham, MA, USA); caffeine, acetaminophen, glucose,
ametryn, and reserpine from Sigma Aldrich (St. Louis, MO, USA); angiotensin II, phenylalanine,
verapamil, and raffinose from Alfa Aesar (Tewksbury, MA, USA); cholesterol from Avanti Polar
Lipids; super-hydrophobic coating (Ultratech International， Jacksonville, Fl， USA)

An

analytical balance (Accuris Instruments, Edison, NJ, USA) was used to measure weights of
chemicals and droplets.

3.2.2. MS instrument:
A Q-ExactiveTM Hybrid quadrupole-OrbitrapTM Mass Spectrometer (Thermo Scientific,
Bremen, Germany) was used for all MS analyses. The resolving power of the mass spectrometer
is 140,000 (at mass to charge ratio, m/z, at 200). All measurements were performed with an input
capillary temperature of 450 °C, injection time of 200 ms, with no sheath gas flow, no auxiliary
gas flow, and no spray voltage or spray current. The S-lens value was adjusted between 30 and 50
depending on the molecules being tested.

3.2.3. VSSI fabrication and operation:
VSSI devices were fabricated by attaching an O-ring (~5 mm ID, 8 mm OD and 2 mm
thickness) to the VSSI device roughly 25 mm from the vibrating sharp edge of the VSSI device.
The O-ring is attached to the VSSI glass slide using UV-curing photopolymer (Norland optical
adhesive, Cranbury, NJ, USA). The modified dispenser is made by attaching the bulb of a
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commercial 0.2 mL dispenser to a micropipette using epoxy (Devcon, Hartford, CT, USA). A
detailed fabrication of the VSSI device is described in our previous work.44 Briefly, a piezoelectric
diaphragm (Murata) is bonded to one end of a 24x60 mm2 No.1 microscope glass slide (VWR,
Philadelphia, PA, USA) using epoxy.

A

Vibrating Sharp-edge
Spray Ionization

B

Figure 3.1: (a) Schematic of VSSI for surface analysis and (b) An image of a complete VSSI
surface analysis device including a piezoelectric diaphragm, a cover glass, and a dropper.
The VSSI device is driven with a function generator (RIGOL LXI 2 Channel DG1022,
Beaverton, OR, USA) and a power amplifier (Mini-Circuits LZY-22+, Brooklyn, NY) at
frequencies between 90 and 100 kHz. For direct MS surface analysis, the modified solvent
dispenser is positioned within the O-ring for delivering solvent for sample desorption and
subsequent ionization, as shown in Fig. 3.1 a. The device was positioned orthogonal to the inlet of
the mass spectrometer at ~5 mm for mass spectrometry measurements.
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3.2.4. Sample preparation:
To prepare surfaces with different chemical densities, a super-hydrophobic coating was
used to constrain the wetting area for sample deposition on a glass slide. ScotchTM tape was used
to mask the sample deposition area and a two-step super-hydrophobic spray process was used to
coat the taped front side. After coating, tape was peeled off, and the glass surface was wiped clean
with HPLC grade methanol. This leaves a clean glass area surrounded by a super-hydrophobic
boundary. The solutions to be tested were added with the desired concentration (typically, 1 mL
was deposited on a 19x30 mm2 surface area). For different areas, to keep the surface density the
same, it was normalized to the specific surface area used (e.g., 2 mL was delivered for a larger
19x60 mm2 area). For consistency and simplicity, glass slides were used for all sample deposition
as a representative surface. The respective areas used included: 60x19 mm2, 30x19 mm2, 10x19
mm2, 5x5 mm2, and 2.5x2.5 mm2. To ensure deposition of sample analytes on the surface, 30x19
mm2 was considered as 1 mL of liquid is well constrained within the sample area. A surface density
of analyte to be tested is expressed in g/mm2 and is made in g/L which is subsequently serially
diluted to the desired concentration. So, when 1 mL of sample was spotted on a 30x19 mm2 area,
the surface density (pg/mm2) of the analyte is easily calculated.
For sample testing on realistic agricultural samples, spinach leaves of 10 mm diameter were
cut using a cork borer to ensure sample uniformity. The leaves were placed on a piece of doublesided scotch tape affixed to a glass slide. Three µL of ametryn was spotted and, using a small piece
of Teflon, the drop was stirred until it dried to ensure a uniform surface concentration.
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3.3. Results and Discussion:

3.3.1. Extraction and ionization of analytes on the surface:
As discussed above, the VSSI-based direct-surface analysis requires a solvent-extraction
step to extract surface bound molecules into the solvent followed by the nebulization of the solvent
for MS analysis. Our previous studies demonstrated that VSSI can nebulize and ionize the
solutions it contacts on a wide variety of surfaces44. There are two possible sampling protocols
for VSSI-based direct surface analysis. The first protocol is to add a solvent drop onto the surface
of interest and nebulize the drop using the VSSI for MS detection. The other is to use a swab/wipe
to collect samples from a wet surface and nebulize the solvent on the swab/wipe with VSSI. The
first protocol is straightforward and simple to apply, but the second protocol could enrich target
analytes by wiping through a large surface area. To determine the more optimal protocol, we
compare the ion signals of 1 mL of 100 μM acetaminophen pre-spotted onto 30x19 mm2 of glass
surface (surface density 27 ng/mm2) using both protocols. HPLC grade water was used as the
extraction solvent for both methods. The ion intensity of acetaminophen using the first protocol is
~10 times that from the samples tested with the second protocol, as shown in Fig. 2 A. We did not
see a significant difference between using a Q-tip® versus a Kimwipe® in the second protocol.
Because the second protocol may benefit from a larger sampling area, we compared the
performance of the two protocols using different sampling areas. It was observed that, for the first
protocol, for an increase in area there was a slight but not substantial increase in the total ion count
for the target as expected because the surface density of acetaminophen and the solvent volume
was the same in both cases. With the same solvent volume (~10 μL), a larger surface area does not
facilitate significantly more analyte extraction. For the second protocol, with the surface area
increased from 5x5 mm2 to 60x19 mm2, we observed 10-fold improvement in ion counts as we
51

expected due to the concentration effect using a Q-tip®, despite the total ion count being still less
than the direct sampling protocol (see Fig. 2 B). Thus, further increasing the sampling area should
improve the second protocol. However, 60x19 mm2 is already a large surface area, further
increasing the sampling area may not be feasible for many applications. In addition, using more
surfaces could introduce more contaminants into the solution, which may suppress the ionization
of target analytes. Therefore, we determine that the first protocol, direct extraction and ionization,
is more optimal and use it in the VSSI-based surface analysis.

B
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Figure 3.2: A. Comparison of signal intensity of 100 µM acetaminophen spotted and dried on the same
sample surface area over direct, Kimwipe® swipe and Q-tip® swipe sampling; B. Comparison of
different sample surface areas and sampling types for 100 µM acetaminophen spotted and tested using
1 µM caffeine as the internal standard; C. The commercial 0.2 mL pipette vs the modified pipette tip
used to dispense solvent; D. Co-variance (CV) of droplets dispensed by the two pipettes; and E. VSSI
device in use for surface analysis showing the plume generated.
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To develop a standalone device for the direct extraction protocol, we integrated a simple
solvent dispensing unit to the VSSI device. We attached an O-ring to the side of a VSSI glass slide
roughly 25 mm from the vibrating edge, which effectively incorporates a small dropper into the
VSSI device, as shown in Fig. 3.2 E. Upon squeezing the dropper, solvent is added onto the target
surface close to the vibrating sharp-edge of the VSSI device. By applying a ~93 kHz signal to the
transducer, we observed plume generation using a driving voltage of ~20 Vpp. To maintain an
efficient vibration amplitude at the sharp-edge, the O-ring configuration required optimization.
Next, we studied the volume and the consistency of the dropper dispenser. For solvent
extraction-based surface analysis, using small volumes results in less target dilution, which
benefits the sensitivity of the analysis. However, if the sample volume is too small, the variation
of the droplet volume and the effect of solvent evaporation will introduce extraction error into the
analysis. We tested and compared two microdroppers for dispensing extraction solvent, as shown
in Fig. 3.2 C. The first dropper consists of a commercial 0.2 mL disposable transfer pipette. The
second dropper is a fabricated by using a P10 micropipette tip (0.5 µL-10 µL volume) attached to
the bulb of 0.2 mL commercial pipette to reduce the orifice diameter. To characterize the effect of
orifice diameter for the two pipettes, on a plastic disposable weigh boat, a drop of water from each
pipette was weighed. The weights of 50 drops of water from each pipette was used to determine
the consistency of the dropper. The results showed that the commercial dropper dispensed ~20 mg
per drop with a CV of 6%, whereas the customized dropper dispensed ~10 mg per drop with a CV
of 3% (see Fig 3.2 D). Based on this smaller volume and improved consistency, this custom
micropipette was selected as the dispenser.
We also studied the positioning of the vibrating sharp-edge with respect to the inlet of the
mass spectrometer and its effect on ion intensity. The range of glass slide positions from planar to
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perpendicular positioning was tested. It was observed that the best plume generation was obtained
for the perpendicular position. Thus, the VSSI device was positioned orthogonal to the inlet at 5
mm from the mass spectrometer for maximum collection of ions for improved analyte ion signal
intensity.

3.3.2. Characterization of VSSI-MS for Detection of Chemicals on a Glass Surface
With the optimized setup geometry and operational parameters, we characterized both the
qualitative and quantitative performance of the VSSI-based surface MS analysis for a series of
molecules. Chemicals were first deposited onto glass surfaces by drying solutions of known
analyte concentrations. The spotting area is controlled using a super-hydrophobic coating to
confine the solution on the glass surface. We first tested the sensitivity of the VSSI method for the

VSSI
Analyte
Acetaminophen
Glucose
Phenylalanine
Raffinose
Verapamil
Ametryn
Caffeine
Cholesterol
Reserpine
Angiotensin II

Species
Surface
(pg/mm2) detected
LOD
1
0.1
10
1
1
0.1
10
150
90
0.05

[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+H]+
[M+H]+
[M+Na]+
[M+Na]+
[M+2H]+
[M+2H]+

Solvent

Glass
H2O
Glass
H2O
Glass
H2O
Glass
H2O
Glass
CH3OH
Glass
CH3OH
Glass CHCl3:CH3OH (1:1)
Glass CHCl3:CH3OH (1:1)
Glass H2O:CH3OH (1:1)
Glass H2O:CH3OH (1:1)

Table 3.1: List of chemicals tested and solvent systems used for the analysis and their respective
calculated LOD values using the mean intensity of the blank solvent plus 3 times the standard
deviation at the pertinent m/z values.
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chemicals listed in Table 3.1. LOD values were calculated as the mean of intensity at the target
m/z in a blank solution plus 3 times the standard deviation for 15 trials.
Direct surface analysis with VSSI achieved comparable sensitivity (in the pg/mm2 range)
to the results obtained with DESI experiments for most of the compounds. Notably, for
A
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Total ion count (a.u.)
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Figure 3.3: Mass spectrum of A. Glucose of surface density 1 ng/mm2 in water, B.
Acetaminophen of surface density 13 µg/mm2 in water, C. Phenylalanine of surface density 1
ng/mm2 in water, D. Ametryn of surface density 100 pg/mm2 in methanol/chloroform (v/v: 1:1),
and E. Angiotensin II of surface density 10 ng/mm2 in methanol/water (v/v: 1:1).
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carbohydrates such as raffinose and glucose (see Fig. 3.3 A for glucose mass spectrum), VSSI
shows lower LOD values of 1 pg/mm2 and 0.1 pg/mm2, respectively, compared to the DESI’s 100
pg/mm2 and 90 pg/mm2 values, respectively502. These lower LOD values probably indicate a better
desorption efficiency for these highly hydrophilic molecules with VSSI. In contrast, the LOD for
the more difficult to be protonated molecule, cholesterol, is ~15-times higher for VSSI than for
DESI, which could be due to a lack of excess charge carriers available for ionizing cholesterol23.
Only the sodium adducts peak for cholesterol was detected with VSSI. In addition to the small
molecules, VSSI-based direct surface analysis also works for peptides. We tested angiotensin II
samples by depositing them on glass surfaces. A charge state of +3 was detected to be the dominant
peak in the water/methanol (v/v: 1:1) desorption solvent. The LOD (0.05 pg/mm2) for angiotensin
II with VSSI is in a similar range as that obtained with DESI23.
VSSI had advantages over current solvent extraction-based methods that require high
voltage to nebulize the solution and ionize the target. One advantage of VSSI is that it is a solvent
extraction-based surface analysis method so that an internal standard can be easily added directly
to the solvent. Additionally, in VSSI, extraction (dissolution) of analytes from the sample surface
and subsequent nebulization leading to ionization occur in a concerted two-step process.
Furthermore, the nebulization efficiency does not strongly depend on the solvent properties for
common solvents including water and organic solvents. For small polar molecules (e.g.,
acetaminophen (see Fig. 3.3 B for acetaminophen mass spectrum), glucose, phenylalanine (see
Fig. 3.3 C for phenylalanine mass spectrum) and raffinose water is used for extraction and
ionization. For chemicals with higher octanol-water partition coefficients (e.g., verapamil and
ametryn (see Fig. 3.3 D for ametryn mass spectrum) methanol is used for extraction and ionization.
We can also optimize the extraction-nebulization efficiency using a combination of solvents.
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Because extraction of chemicals and ionization happens in this two-step process, we can choose a
mixture of a solvent that optimizes extraction and one that affects nebulization/ionization. For
example, for caffeine and cholesterol, which are highly soluble in chloroform, methanol was added
to allow protonation of the analyte, so that it is detected in the positive ion mode of the mass
spectrometer. Finally, for reserpine and angiotensin II (see Fig. 3.3 E), methanol: water (1:1)
presented a suitable combination of solvents.
Overall, these results indicate that the VSSI-based direct surface analysis has comparable
performance to DESI, the most widely used surface-analysis ionization method. Considering the
simplicity in setup and the more controllable process for surface-analyte desorption, VSSI will be
advantageous for a number of applications that requires portable analysis platforms especially
where irregular surfaces are involved.
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Figure 3.4: Linear curve of glucose deposited with different surface densities on glass slides
from 0.1 to 1000 pg/mm2.
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We also characterized the quantification potential of the VSSI method for surface samples.
A range of surface densities of glucose was deposited on glass slides from 0.1 pg/mm 2 to 1000
pg/mm2. Direct sampling was employed using water as the solvent. The plot of total ion count vs.
surface density shows a linear response occurring over 4 orders of magnitude (with R2= 0.97) (see
Fig. 3.4). This demonstrates the applicability and feasibility of using the VSSI approach for
quantitative surface chemical analysis. Notably, here VSSI demonstrated a good linear response
for a simple sample without using an internal standard, indicating the robust performance of this
protocol. For more complex samples, this protocol is also compatible with the use of an internal
standard by simply adding a known amount of the standard molecule to the extraction solution. In
summary, we have demonstrated that this simple VSSI-based direct-surface MS analysis yields
comparable performance to the well-established DESI approach, which requires a more complex
system setup.

3.3.3. Realistic sample testing:
Finally, we tested whether or not the VSSI-based direct-surface analysis could be used to
detect pesticides on real fruit or vegetable surfaces. The simplicity of this VSSI nebulization
method allows it to be applied to chemically characterize any surface that is compatible with
extraction solvents. Different surface textures and roughness have little impact on the VSSI
nebulization process; we tested the VSSI nebulization on a series of fruits and vegetables including
blueberries, tomato, romaine lettuce, bok choy and spinach. We further tested its quantification
performance by spotting a pesticide, ametryn, onto the surface of supermarket, organic spinach. It
was important to deposit the same surface density of pesticide on spinach leaves in order to
quantify the pesticide. 10 mm diameter spinach leaves were double-side taped to a glass slide to
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Figure 3.5: (a) Direct extraction and ionization of surface chemicals using VSSI and (b) Linear
response of ametryn spotted on spinach leaves (the inset shows data for lower surface densities).
ensure flatness, a 3 µL solution of pesticide was spotted and stirred using a Teflon brush to ensure
uniformity while the spot dried. The pesticide solution used methanol as a solvent to promote quick
drying and even deposition. A micropipette was used to deposit 3 µL of methanol solution
containing 1 µM of caffeine as an internal standard, for extraction and ionization of the dried
pesticide (see plume in Fig. 3.4 A). The calibration curve plotted used the total ion count
normalized with respect to the internal standard to reduce signal variation (see Fig. 3.4 B). This
curve shows good linearity from 5 pg/mm2 to 100 pg/mm2 (R2= 0.99). By also testing blank
spinach samples, we determine the LOD of ametryn on a spinach leaf surface to be 5 pg/mm2. The
inset in Fig. 3.4 B shows the calibration curve for low surface densities. The maximum allowable
detectable amount of ametryn on a perishable surface37 is estimated to be in the range of ~3
µg/mm2. Therefore, the current sensitivity and linear range of the VSSI method make it a useful
tool for detection of pesticides on the surface of a pineapple, corn, and sugarcane for which
ametryn is used as a pesticide.
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3.4. Conclusions:
In summary, we have demonstrated a simple, effective, direct ambient-ionization method
that is highly sensitive to molecules on a wide range of surfaces. The flexibility, small footprint,
low cost, and voltage-free nature of this method make it an attractive tool for direct surface sample
analysis using MS. We have developed a solvent-extraction MS surface analysis method based on
VSSI. We systematically characterized the performance of this method and demonstrate the
performance of this method as comparable to existing direct-analysis ionization methods. This
VSSI-based method provides a convenient means of probing surfaces for chemical
characterization by MS without the need for sample preparation. The simplicity, flexibility, small
footprint and low power consumption of VSSI make it an attractive ionization strategy for MS.
We expect it will be especially useful for analyzing fragile molecules that are sensitive to
electrochemical oxidation or for studying biomolecules directly in their native state and
environment. Future studies will include exploring the imaging capabilities of this VSSI-based
method to allow for mapping the concentration of analytes on surfaces.
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Chapter 4
Vibrating Sharp-edge Spray Ionization (VSSI) method development for Mass
Spectrometry Imaging
Abstract:
Vibrating sharp-edge spray ionization (VSSI) mass spectrometry is presented as an ambient
method of extraction of analyte molecules from the surface using an internal standard. Analyte is
desorbed from the surface via liquid bridge and the development of instrumentation for imaging
application is discussed. I present analytical capabilities and fundamentals of the method for
imaging applications.

4.1. Introduction:
Mass spectrometry imaging (MSI) is an attractive and powerful method that enables labelfree spatial mapping of molecules directly from the surface[1, 2]. MSI gained momentum in recent
years because of continued improvements in MALDI[3, 4]. MALDI is predominantly used for its
ability to get spatial distribution of molecules in a sample which is useful in studying peptides and
proteins[4–6]. Proteomics[7] tells us only one-half of the story[8]. It is important to study the small
molecules and metabolites in order to understand the specific tissue functioning[9]. Development
of small molecule imaging using MALDI is challenging due to the nature of matrix application,
analyte-matrix clusters and ion suppression effects[6, 10]. Detecting and analyzing molecules
below 750 Da is extremely challenging[11, 12]. Secondary ionization mass spectrometry (SIMS)
imaging is another vacuum-based technique that provides very high spatial resolutions for small
molecules and inorganic compounds[13]. Spatial resolution of SIMS imaging is beyond single cell
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imaging at sub-organelle level however, methods for improving the ionization efficiency and
elucidating molecular structures in complex biological samples are still in the stage of proof of
principle[14].
Ambient ionization mass spectrometry (AMS) imaging facilitates soft desorption and
ionization of analytes from the sampling surface with little or no sample preparation[15]. This
allows rapid analysis of native biological tissues which are chemically complex; therefore, high
selectivity and high specificity are important aspects for AMS imaging[16]. AMS methods gained
popularity after the introduction of desorption electrospray ionization (DESI)[17] in 2004 by
Cooks et al, and direct analysis in real time (DART)[18] in 2005 by Cody et al. AMS imaging
methods involve a freely moving XYZ stage to which the ionization source is coupled. The sample
to be imaged is prepared by sectioning, freezing or placing on a microscope slide. Based on the
ionization method employed, acquisition of signal is dependent on desorption of the analyte,
ionizing and directing the ionized molecules into the mass spectrometer. Data is recorded based
the XY positioning of the sample as a line scan (continuous mode) or pixel by pixel scanning
(discrete data points). The lateral resolution is determined by the size of the sampling spot and for
AMS methods it ranges between 10 and 200 µm[16].
Current AMS imaging methods can be categorized based on the type of desorption,
extraction and ionization mechanism including 1. direct desorption/ionization, 2. desorption
followed by ionization and 3. extraction[19]. Direct desorption methods involve extraction of
analytes and ionization in one concerted step[20, 21], such as in DESI[3], airflow-assisted
desorption electrospray ionization (AFADESI)[22], easy ambient sonic-spray ionization
(EASI)[23] and rapid evaporative ionization (REI)[24]. While the desorption followed by
ionization is a two-step mechanism- first the analytes are extracted from the surface and then
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ionized[15] as in laser ablation electrospray ionization (LAESI)[25], Infrared matrix-assisted laser
desorption electrospray ionization (IR-MALDESI)[26], electrospray laser desorption ionization
(ELDI)[27], laser ablation direct analysis in real time imaging (LADI)[28], plasma assisted laser
desorption ionization (PALDI)[29] and atmospheric pressure nanoparticle and plasma assisted
laser desorption ionization (AP-nanoPALDI)[30]. Extraction based method utilize extraction
protocols to extract analytes[31] such as liquid microjunction surface sampling probe (LMJSSP)[32], nanospray desorption electrospray ionization (nanoDESI)[33], liquid extraction surface
analysis (LESA)[34] and surface-coated probe nanoelectrospray ionization (SCP nanoESI)[35].
DESI imaging is performed by directly scanning the unmodified sample in x and y
directions through an impinging spray of charged droplets via electrospray; the secondary droplets
from the surface containing chemical information is then plotted as two-dimensional images with
respect to the abundance of specific ions[36]. Different solvent compositions can be used for DESI
imaging based on the polarity of the molecule to be extracted and ionized[37]. Overall, DESI has
shown a great degree of tolerance toward salt adducts formation and ionization suppression[38].
DESI has a number of applications such as clinical analysis, cancer research, environmental
sciences, microbiology, chemical ecology, drug discovery and 3D ion images of biological tissue
sections, lipids and metabolites in whole mouse brain and pig fetus makes it a very attractive tool
in MSI[36, 39–41]. The exact mechanism for DESI ionization is unknown, however it is
hypothesized that it involves “chemical sputtering” to create ions[42]. Because it relies on droplets
impinging on a surface and momentum transfer of analytes, there is a strong dependence on the
contact angle and surface wettability of the materials used[43]. A modified version of DESI is
nano-DESI, in which two separate capillaries are used to form a “liquid bridge” for a microscale
solvent extraction and desorption[44]. Thus, it is a two-step extraction and ionization process and
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is well suited for chemical profiling of small-scale wet surfaces that would suffer ablation from
the strong nebulizing gas of DESI such as living microbial colonies in agar media and associated
biofilms[45, 46].
In contrast to the direct desorption/ionization methods, LAESI is a two-step method like
nanoDESI in which an IR mediated desorption occurs which is followed by ionization through an
electrospray mediated process as proposed by Vertes et al[47]. LAESI has applications ranging
from imaging and mapping metabolites to intact protein imaging and analysis to single cell
imaging[48, 49]. Resolution of LAESI is dependent on the image acquisition and scanning times
used[50]. It is about 200- 300 µm with the highest resolution reported to be 60 µm[36, 51].
Extraction based methods use a liquid junction of the solvent on the sample surface to extract
analytes[52]. Resolution of the method depends on the size of the liquid bridge formed- for LESA
the lateral resolution is about 1 mm[53] and for nanoDESI with the use of pulled capillaries, the
resolution is about 10 µm[54–56].
Despite of the great progress achieved, existing methods often require one or more high
energy external sources for ionization including high voltage, ion beam, high speed gas flow, and
a laser or modifying the sample’s native state by employing matrix materials[57, 58]. These
requirements make direct imaging of biological sample in their native state difficult. In this
chapter, we leveraged the versatility and biocompatibility of the VSSI[59] process to develop a
MS imaging platform that is rapid, gentle and biocompatible. The imaging platform is based on
the VSSI surface analysis workflow, where a solvent drop is employed to desorb chemicals on the
surface and ionized by a vibrating sharp tip for MS analysis[60]. By performing this process
repetitively with a controlled X and Y position, an MS image can be obtained. For this imaging
process, the “pixel” is determined by the size of the solvent drop used for desorption of analyte
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and ionization. A pulled glass rod was used as a VSSI tip to probe a small area (~200 µm) on a
silicon surface. The method, manner and the process to fabricate the device, development of the
imaging instrumentation, operating the imaging stage, extraction of chemicals, data analysis and
reconstruction is discussed in this chapter as a proof-of-concept to use VSSI for imaging
applications. VSSI device is modified to be used for mass spectrometry imaging and of extraction
of analyte molecules from the surface using an internal standard is discussed. Analyte is desorbed
from the surface via liquid bridge and the development of instrumentation for imaging application
is discussed. Analytical capabilities for imaging applications is discussed as a one line scan and a
square image.

4.2. Experimental Section:

4.2.1. Materials and reagents:
High performance liquid chromatography (HPLC)-grade water was purchased from
Fischer Scientific (NJ, USA). Rhodamine B and Angiotensin I were purchased from Alfa Aesar
(MA, USA). Rhodamine 123 was purchased Thermo Fischer Scientific (OR, USA). Caffeine,
acetaminophen, and reserpine were purchased from Sigma Aldrich (St. Louis, MO, USA).

4.2.2. Instrument:
An LTQ Mass Spectrometer (Thermo Fisher, San Jose, CA) was used for all MS analyses.
All measurements were performed with an input capillary temperature of 450 °C, injection time
of 10 ms, with no sheath gas flow, no auxiliary gas flow, and no spray voltage or spray current.
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4.2.3. VSSI fabrication and operation:
The glass probe was fabricated by pulling 1 mm X 10 mm glass rod (Precision Instruments,
FL, USA) in a laser-based micropipette puller (Sutter P-2000, CA, USA). The program setting isLine 1: HEAT 550, FIL 4, VEL 60, DEL 130, PUL 50; Line 2: HEAT 650, FIL 4, VEL 60, DEL
130, PUL 30 and Line 3: HEAT 550, FIL 4, VEL 60, DEL 130, PUL 30. The resulting pulled glass
capillaries were cut to shorten to 1.5 inches long from the taper and the pulled end was roughly
cut to 60 µm in width. The pulled and cut rods were attached to a piezoelectric diaphragm (Murata)
using epoxy. The VSSI device was actuated with a function generator (RIGOL LXI 2 Channel
DG1022, Beaverton, OR, USA) at about 90- 100 kHz at about 300 mV after amplifying using
OPA 541 amplifier with a measured gain of 30.

4.2.4. Sample preparation:
A stamp was prepared using a silicone placemat was cut into a small square and stuck onto
a glass slide using a double-sided foam tape. The stamp was dipped into 100 µM solution of
rhodamine B and was stamped onto a solvent cleaned silicon wafer for contact transfer of
rhodamine B. Solution cleaning of silicon wafer was done by ultrasonication of wafer in methanol
for 5 minutes, followed by compressed air drying, followed by ultrasonication in and compressed
air drying. The sample was allowed to sit overnight at room temperature in open atmosphere.

4.2.5. Imaging instrumentation:
Zaber X-LSM050A-KX14A (X and Y axes) and X-LSM025A (Z axis) was assembled with
X axis on the bottom, Y axis on the X axis and Z axis on top of X axis, to allow more room to
work on the stage. The stage is mounted on a Newport jack on a Newport base to allow movement
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of the stage to align with the mass spectrometer inlet. Using an arm, a AM4515ZTL Dino-Lite
Edge camera was mounted from the side to observe the height of liquid dispenser and the VSSI
tip from the sample surface. Using another arm, USB Pluggable camera was mounted on the top
of the mass spectrometer to observe the sample surface and XY positioning of dispenser and the
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Figure 4.1: (a) Schematic of the imaging platform using VSSI (b) Side schematic view of VSSI
imaging stage and (c) Front view of the imaging setup with respect to the MS inlet.

73

VSSI tip. Two independent micropositioners were mounted on the Newport base to adjust the XYZ
positioning of the liquid dispenser and the VSSI tip.
The sample area on the stage is connected to a thermostat to monitor the temperature. A
water-cooling system is also added to the base of the thermostat to keep a stable temperature. The
VSSI tip is positioned on a linear actuator actuated with a voltage to translate to 3.5 cm in linear
motion. The VSSI tip and the liquid dispensing capillary were held at 4 mm apart to prevent cross
contamination of the analyte onto the solvent. A KD Scientific Legato 180 syringe pump was used
with a 0.5 mL Hamilton syringe to pump solvent through the liquid dispenser. Liquid dispenser is

Figure 4.2: (a) A picture showing the instrumentation of the imaging setup and (b) A close up
image of the VSSI tip, capillary for liquid dispenser and the MS inlet.
a capillary with ID 100 µm and OD 150 µm that is fiber cleaved, flamed with a lighter to remove
the polyimide coating and coated with RainX to maintain hydrophobicity on the outside of the
capillary.
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4.2.6. Operating the imaging platform:
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Figure 4.3: (a) LabVIEW workflow of programming sequence and (b) Corresponding stage
movement for the operation of the imaging instrumentation
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The stage is controlled and operated using a LabVIEW program as shown in the following
figure. The parameters for step size, number of steps and the delay time between the action
sequences can easily be adjusted. The following figure 4.3 (a) illustrates the LabVIEW
programming sequence. Each step is programmed to allow convenient manipulation of the step
size, delay times and allow pause actions to adjust the movement of the stage with respect to the
inlet, VSSI tip, liquid dispenser and Z axis.
The entire program operates based on microsteps as pre-programmed by Zaber. The
distance stage needs to move can easily be calculated from the microsteps. Also, the step size and
step numbers for the subsequent step and the total number of pixels can also be added to the
program independently of the programming sequence. Delay times can be adjusted manually in
the program sequence which gives the user great control to operate the stage.
The stage was programmed to perform the following sequence: 1. Goes up by 1 mm to capture
the drop, 2. Moves down 1 mm, 3. Moves 4 mm on the X axis (right below the VSSI tip which is
positioned right in front of the MS inlet), and 4. Moves up in two-step: (a) Moves up 0.5 mm and
(b) moves 0.1 mm slowly. Prior to the stage moving up 0.5 mm in the Z axis, the actuator on the
VSSI tip was turned on and moved 3 mm forward. This process is shown in figure 4.4 as a flow
chart. The actuator retracts and the stage goes back to the home position to repeat the cycle. During
the entire process, the mass spectrometer collects the signal and discrete peaks for each pixel is
recorded.
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(a)
Stage moves up to capture drop

Stage moves down

Stage moves in x direction by 4 mm

Actuator for the vibrating tip moves the
tip down- nebulization occurs

Stage moves in –x direction by 4 mm to
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Figure 4.4: (a) Optimization of stage for imaging and (b) Stage movement for each step of
operation as per the LabVIEW program
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4.2.7. Data analysis and processing:
Extraction of two relative abundance ion chronograms for the monoisotopic masses for
rhodamine B and rhodamine 123 was performed. The extracted chronograms of rhodamine B are
normalized with respect to rhodamine 123 which is used as the internal standard. The resulting
numbers with respect to the pixel numbers are arranged into an array and assigned a grey scale
value in python using the following program sequence in appendix B.

4.3. Results and discussion:

4.3.1. Working principles of VSSI imaging:
Our previous study has shown that VSSI can nebulize liquid on the surface directly with a
vibrating glass slide. This working mechanism enables a 2-step imaging process: 1.The solvent
drop for desorption and analyte extraction is gently dropped on the region of interest on the sample
surface and 2. The VSSI tip is introduced to the drop to ionize the extracted analyte. The
advantages of VSSI-based imaging are that the gentle ultrasound-based nebulization is
biocompatible and can be used safely to ionize biological materials without high voltage. In
addition, the VSSI can nebulize a wide variety of solvents without affecting its performance. The
ability to discretely pixelate the image is a unique and desirable feature which is made possible
with VSSI wherein each solvent drop represents a pixel. The solvent drop size can be adjusted to
image samples with higher resolution or to image with higher throughput. An internal standard
can easily be added to the solvent system used for extraction and ionization which greatly improves
the quantification ability of the system.
The key components of a VSSI-based imaging system include: First, to achieve a robust
high resolution surface sampling, the VSSI device design was modified by using a pulled glass rod
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as a sharp tip instead of the glass slide edge. The vibrating sharp-edge on the glass slide is more
rounded (not suitable for smaller drops) and the No. 1 microscope glass slide used breaks easily
when pushed against a solid surface. Therefore, we used a glass 1 mm glass rod that is more robust
and pulled the tip using a laser puller to achieve a roughly 100 µm tip attached using epoxy. This
modification allowed the VSSI device to be actuated at about the same frequency as the glass slide.
Second, an XYZ stage is needed to operate the imaging system for raster scanning and
ionization. The stage was attached with the X and Y axes on the bottom and Z axis on top. The
stages were daisy chained and attached to a joystick for manual operation if needed. This
arrangement of the XYZ axes allowed more room from the MS inlet to work on the sample without
the travel guides on X and Y axes. The stage was programmed using LabVIEW to scan target areas
on a surface. The step size and the number of steps in an array can easily be modified for
experiments based on resolution and throughput required.

(a) Large drop goes to the side

(b) Freely falling large drop

440 µm

500 µm

OD= 160 µm

(c) Flamed capillary coated with rainex

Figure 4.5: (a) Large drop (over thrice the OD) goes to the side of the capillary, (b) drop that
is freely falling on the sample surface and (c) capillary that is flamed and coated with rainex.
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Third, a liquid dispensing system is necessary to define “pixels” for the image. The pixel
size determining critical factor was optimized. A 150 µm OD/100 µm ID fused silica capillary was
fiber cleaved to give a smooth and clean cut. The capillary was then flamed gently to remove
polyimide coating and dipped in rainex to increase the hydrophobicity of the capillary. This was
critical, otherwise the drop generated under continuous infusion after reaching a critical size
(roughly 2x the OD) would ride up the outer wall of the capillary as shown in figure 4.5. For
optimal use, the size of the droplet must be optimized to be within 3x the OD based for the drops
to be gently placed on the sample without the drop climbing on the capillary wall which will result
in missing pixels. The size of the droplet can be adjusted based on the flow rate used and the time
delay between successive pixels.

4.3.2. Quantification and identification:

We tested the ionization performance of the pulled tip VSSI device for direct surface
nebulization. 100 µM solutions of caffeine, acetaminophen, rhodamine B, reserpine and
angiotensin I infused at a rate of 0.3 mL/min with 3.5 sec delay time were dropped on the surface
and ionized. The spray time for the droplets are dependent on the drop volume which was 17.5 nL
per drop and the contact time between the VSSI tip and the drop. When the VSSI tip was engaged
and lowered into the drop, the drop was ionized within a second. In order to resolve the mass
spectra, the acquisition time was set to 10 ms which is much lower than the 200 ms which was
used for continuous flow and surface analysis studies using VSSI. Acetaminophen is the smallest
compound with molecular weight at about 151.16 g/mol and is relatively basic. Caffeine is
relatively nonpolar compared to acetaminophen with molecular weight of 194.19 g/mol and is
more soluble in chloroform and methanol than water. Rhodamine B is an organic chloride salt with
molecular weight 479.0 g/mol, which carries a permanent positive charge in the solution.
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Reserpine is an alkaloid with molecular weight 608.7 g/mol that is freely soluble in chloroform
than water. Angiotensin I is a peptide hormone with a molecular weight of 1296.5 g/mol which
was the largest molecular weight chosen for the study. The range of compounds covers small
molecules to peptides with different octanol water partition coefficients. The choice of solvent for
all the chemicals was water after dissolving chemicals with solubility in organic solvents in
methanol or chloroform. As shown in Fig. 4.6, the abundant peak for caffeine was the protonated
monoisotopic peak (at 5.0 x 103 a.u.) followed by the sodium adduct. With the silicon substrate
and glass capillaries, sodium is ubiquitous and forms adducts with most compounds. The relative
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Figure 4.6: (a) Linear curve of acetaminophen for concentrations between 1 µM and 1000
µM and mass spectrum of 100 µM of (b) caffeine, (c) acetaminophen, (d) rhodamine B, (e)
reserpine and (f) angiotensin I.
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abundance of the protonated and the sodiated peaks shows the contamination of the surface with
sodium. Acetaminophen was also ionized with protonated monoisotopic peak (at about 3.0 x 103
a .u.) followed by the sodiated adduct. Rhodamine B was ionized at about 2.5 x 103 a.u. Reserpine
was ionized at about 2 x 104 a.u., with the protonated monoisotopic peak followed by the sodiated
adduct. For angiotensin I, charge states +1, +2 and +3 were observed at about 1 x 103 a.u. These
results demonstrated that the VSSI based imaging process is suitable for ionize a wide variety of
molecules.
To evaluate the sensitivity and quantification performance of the pulled tip VSSI, a linear
curve study was performed using caffeine from 1 nM to1000 µM. The curve shows a of R2= 0.94
for 7 data points. The LOD is estimated to be 1 nM which is determined from the blank + 3
(standard deviation) of the blank solvent as shown in figure 4.6.(a).

4.3.3. Optimization of the VSSI tip position with respect to MS inlet:
The MS instrument used for the study uses a standard ion transfer tube without any
extension on the inlet, the outer part of the tube extends 3.2 mm from the base of the thread. To
allow scanning over a larger area without compromising on total ion intensity, the XYZ position
at which the VSSI tip is placed on the stage requires optimization. In order to do that, a continuous
ionization method of capillary VSSI (cVSSI) was employed to detect signals continuously without
discrete pulses. The schematic of the setup used is shown in Figure 4.7. The cVSSI was positioned
right in front of the MS inlet 1 mm away in Y axis, 0 mm away in X and Z axis as marked in the
figure. 100 µM acetaminophen solution was used at a flow rate of 15 µL/min. The Y axis was first
optimized by bringing the stage away from the inlet. The result obtained is shown in the figure 4.8
(a) which shows a decrease in total ion intensity of the protonated and sodiated adducts as the
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ionization source is moved away from the inlet. Full width at half maximum (FWHM) was used
to determine the range at which VSSI tip can be positioned in Y axis without compromising the
total ion intensity and is determined to be 2.5 mm. With the Y axis 1 mm away from the inlet, it is
3.5 mm away from the very end of the ion transfer tube the VSSI tip can be positioned.
After the optimization of the Y axis, the cVSSI tip was positioned at 1.5 mm on the Y axis,
0 mm on the X and Z axes. Using the joystick on the Zaber stage, the keeping the fixed positions
on Y and Z axes, X axis was varied while constantly ionizing 100 µM acetaminophen solution.

MS
inlet

cVSSI

slow
scan
fast
scan
Figure 4.7: Set up used for determining optimal XYZ positioning of the VSSI tip with respect
to the MS inlet
The total ion intensity is shown in Figure 4.8 (b) with respect the X axis variation on both positive
and negative directions with respect to the MS inlet. As the stage moved from right to left, a
reduction in total ion intensity was observed. The stage was brought back to the starting point (X=
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Figure 4.8: (a) Ion intensity distribution of acetaminophen when (a) Y axis is varied
with respect to MS inlet, (b) X axis is varied with respect to MS inlet and (c) Z axis is
varied with respect to MS inlet.
0 mm and Y= 1.5 mm) and moved in the negative X direction and a similar reduction in signal
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intensity was observed. A FWHM of ± 4 mm was observed for X axis as shown in figure 4.8 (b).
The stage was brought to X= 0 mm, Y= 1.5 mm and the Z axis was varied similar to the X
axis by increasing the height of the stage from the center point to the positive direction (moved
up) and negative direction (moved down), for which a FWHM of ±4 mm was observed for the Z
axis as shown in figure 4.8 (c). The nature of the bell curve is skewed because of the directionality
of the plume. This study demonstrates that within 3.5 mm from the inlet in Y direction, 4 mm in
both X and Z, the VSSI tip can be positioned for imaging applications without compromising the
signal intensity.

4.3.4. Optimization of the liquid dispensing system
The liquid dispensing system determines the pixel for the imaging application. The
consistency between the drop volumes affects the spray time and total ion intensity for the spot.
The next step was to understand the performance of the liquid dispensing system of the platform.
By altering the flow rates of liquid through the capillary, different drop sizes of liquid were
observed on the sample surface. When the flow rate was decreased from 60 nL/min to 5 nL/min,
for a 10 second delay between the steps, the drop sizes were decreased from 350 µm to 100 µm as
shown in Figure 4.9. The decrease in volume of liquid from 10 nL per drop (60 nL/min flow rate
at 10 second delay) to 0.83 nL affects the sizes of the drops. This is also dependent on the surface
property of the sample used. The VSSI method of imaging is a liquid desorption and ionization
coupled in one step as indicated in the previous chapter. There is a correlation between the size of
the VSSI tip and the size of droplet for effective nebulization. Larger droplets require larger VSSI
tips for nebulization and smaller droplets require much more precision in the tip and alignment of
the tip on the droplet. During these experiments, at room temperature, smaller droplets were found
to be very short lived, because of which a thermoelectric cooler (TEC) was installed under the
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sample area to cool the sample surface. It was also observed that when the sample surface is cooled
below the dew point, water vapor is formed on the sample surface which affects hydrophobicity
and pixilation. Therefore, for optimal use a dew point was calculated based on the relative humidity
and temperature of the room each day and TEC current was set to cool the sample surface, one or
two degrees above the dew point.

Figure 4.9: Drop sizes changed by altering flow rate for step size 300 µm between successive
pixels.
Next, we optimized the automatic sequence of delivering a drop and ionization by VSSI.
This process was examined by collecting the mass spectra for the ionization of each drop. Using
100 µM acetaminophen solution at a flow rate of 150 nL/min, a 10-point scan was repeated 12
times. The time between successive pixels was set to 3.5 seconds to adjust the processing times.
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Each drop volume was about 8.75 nL. The results as shown in the figure 4.10 indicate that the
drops were successfully nebulized and recorded in the mass spectrometer. However, there were
double peaks observed for one point as shown in figure 4.10 (a). This was due to the actuator when
withdrawing moved a bit more into the stage. This was rectified by decreasing the dwell time of
nebulization by removing the time delay between the faster and slower Z axis movements as
discussed in the stage programming section (steps 12 through 23) and moving the stage down prior
to the actuator retraction. By decreasing the dwell time from 2 s to 0.5 second and moving the Z
axis down prior to retraction, as shown in figure 4.10 (b), the double peaks were resolved. This
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Figure 4.10: Chronogram of selected m/z (a) retracting the VSSI tip before the stage moved
down and (b) stage moving down followed by retraction.
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also increased the total ion intensities. In figure 4.10 (a) relative total ion intensities for the doublets
were 1x103 a.u., through 4x103 a.u., and with the adjustment of dwell times and stage movement,
the consolidated pixels have higher total ion intensities of 2x103 a.u., through 7x103 a.u.

4.3.5. Optimization of internal standard and quantification of resolution:
To address the issue of signal variation, an internal standard was used to facilitate the
quantification process. Rhodamine B was used as the analyte of interest as it is optically visible
and can be detected easily by the mass spectrometer. The use of internal standard that is ionizable
similar to rhodamine B will be useful for quantification purposes to overcome ion loss due to
ambient air currents. Therefore, rhodamine 123, a compound similar in structure but with a
different molecular weight was chosen as the internal standard as shown in figure 4.11.
A 100 µM solution of rhodamine B was dropped on Kim wipe, a strip of silicone roughly
3 mm in width was pushed against the Kim wipe and contact transfer printed on a silicon wafer
was scanned across using an internal standard of 10 µM rhodamine 123. Rhodamine 123 was
constantly infused at a flow rate of 180 nL/min and a delay time of 3.5 seconds between pixels
was used. Volume of each drop for the pixel was 10 nL and distance between two consecutive
pixels was 100 µm for one line scan as shown in figure 4.11 (a). The picture below shows the
schematic of the rhodamine b line on silicon sample and scan direction. For each drop, dwell time
of the VSSI tip was 0.5 seconds and the intensities of the internal standard (rhodamine 123) and
analyte (rhodamine B) was extracted from the Xcalibur software. For each data point, intensities
of rhodamine 123 and rhodamine B was obtained with respect to the time in minutes. The
normalized intensity was calculated by dividing the intensity of rhodamine B by rhodamine 123
for each data point. The normalization did not affect the general trend; however, it accounts for
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the differences in air flow in the room. A log plot of the normalized intensities is shown in figure
4.11 (a). In the figure the baseline was calculated for the data points preceding the line as
𝑚𝑒𝑎𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠 𝑝𝑟𝑒𝑐𝑒𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑟ℎ𝑜𝑑𝑎𝑚𝑖𝑛𝑒 𝑙𝑖𝑛𝑒 + 3 ∗ (𝑆. 𝐷. 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒) and that
number was subtracted from each data point.
Spatial resolution refers to the minimum distance required to distinguish between two
adjacent features and is a key parameter describing the performance of MSI techniques[55]. In
MALDI imaging, spatial resolution is defined to be equal to the size of the laser spot[61,62]. In
DESI and nano-DESI MSI experiments, in which data are acquired as a collection of line scans
rather than individual spots, the upper limit of the spatial resolution is estimated from the distance
across which the sharpest distinct features in the image show a change in the relative signal

Figure 4.11: (a) One line scan of contact transfer printed 100 µM rhodamine B using an internal
standard of 10 µM rhodamine 123 and (b) One line scan of contact transfer printed 10 mM and
100 µM rhodamine B lines using an internal standard of 10 µM rhodamine 123.
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intensity from 20 to 80%[55]. In our experiments, the step size between two consecutive pixels is
100 µm and the drop volume for each pixel is 10 nL which roughly corresponds to a drop size of
125 µm. At 1.21 minutes, in figure 4.11 (a), the normalized intensity for the pixel right before the
rhodamine B line is 1.1x10-4 a.u., and on the line at 1.28 is 0.14. Therefore, resolution of VSSI
imaging is estimated about twice the pixel size, which is 250 µm. Signal intensity drops below
50% at 300 um and is not detected at 500 um from the boundary of the rhodamine B line. The
relative normalized signal intensities on the line are within an order of magnitude which shows
that the method is consistent and can be used for imaging applications.
To understand the ability to resolve two lines, two different concentrations of rhodamine
B- 100 µM and 10 mM prepared by a similar contact transfer method on silicon sample was
prepared. 10 µM rhodamine 123 was used as the internal standard. The drop volume was 10 nL
and the step size was 100 µm. The selective mass for rhodamine B normalized with rhodamine
123 is shown in figure 4.11 (b). These results indicate that between the two lines, the intensity of
rhodamine B prior to the rhodamine B line is relatively low (reused tip from the prior runs has
residual rhodamine B) and increases markedly on the boundary. During the ionization process, the
droplets splash back on the sample surface. Given the droplets sprayed back are smaller in volume,
it does account for “memory” of the rhodamine B line as it goes off the sample line. This “memory”
effect of rhodamine roughly extends to 1 mm past the actual rhodamine line.

4.3.6. Testing a model image as proof-of-concept of the method:
A contact transfer printed 100 µM rhodamine B sample in the shape of a square of roughly
3 mm x 3 mm was prepared for imaging as shown in figure 4.12 (a). Cartoon of the sample area is
shown in figure 4.12 (b) with the scan area, scan directions and the step size used. A 200 µm step
size was chosen for easier data analysis. Flow rate of 180 nL/min of rhodamine 123 was used with
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a 3.5 second delay time. Volume of each drop is 10 nL. The scan area was 5 mm x 5 mm which
covered the square and the blank area. The step size between pixels was set to 200 µm for ease in
data processing and image reconstruction. The array was scanned by repeating the one-line scan
as discussed in section 4.3.5., with successive Y directions with the set step size. The VSSI tip was
well over the 3.5 mm FWHM calculated from the MS ion transfer tube for optimal total ion
intensity in section 4.3.3., to scan the sample area of 5 mm X 5 mm. Therefore, the sample stage
was placed under the ion transfer tube as shown in figure 4.12 (a) which was within the ±4 mm

Figure 4.12: (a) Image of rhodamine B contact transfer printed on silicon sample with respect
to MS inlet, (b) Cartoon of prepared sample, step size and scan directions, and (c) Image
reconstructed after normalization with respect to internal standard using python program.
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calculated for the Z axis. This positioning allowed the VSSI tip to be within 3.5 mm from the inlet
for optimal ion collection in the mass spectrometer. Selective extraction of rhodamine B and
rhodamine 123 peaks was performed on X –calibur and normalized intensity was calculated. Using
the python program, the excel sheet was imported and assigned a grey scale value between 0 and
255 as shown in figure 4.12 (c).The general pattern of the square is reconstructed. The rhodamine
B signal off the square sample area was limited to one or two more pixels (200- 400 µm) which is
much lower than the “memory” observed with the one-line scanning. For both tests, the volume of
a drop was 10 nL which corresponds to roughly 125 µm in diameter for the size of the drop on the
sample surface.

4.4. Conclusions:
The development of imaging instrumentation for VSSI MSI is demonstrated with the
optimization for droplet size, positioning of the VSSI tip, quantification and identification of
molecules and the ability to use internal standard for line scanning and imaging. The study is a
proof-of-concept of the applicability of VSSI for imaging applications. Two-dimensional MSI of
a patterned square was demonstrated. The issues associated with sample carryover from pixel to
pixel from the VSSI tip and the plume of the previous pixel need to be resolved in future studies
with optimized pixel size for a droplet size and MS inlet modifications. Quantitative estimation of
the contamination of ionized droplets falling back on the sample surface will provide an
understanding of the “memory” effect of the analyte over distance. One major reason for the
droplets falling back on the sample surface during ionization is that the suction by the MS inlet is
not sufficient to draw the plume into the instrument. Working on the ion transfer capillary and
adjusting the vacuum levels using external pumps to improve suctioning of the plume will reduce
contamination of drops and improve quantification and sensitivity of the method. The droplet size
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is critical for high-resolution images. While optimizing the droplet size for high spatial resolution,
it is important to optimize the droplets for optimal ionization performance. Studies on the
directionality of the plume from the droplet, orientation of the plume with respect to the MS inlet
require further investigation to resolve images with finer resolution. The droplet size and the step
size used for scanning determine the resolution of the image. Further experimental studies are
required to experimentally determine the relationship between drop sizes and step sizes while
maintaining good ionization efficiency. Finally, quantitative MSI imaging needs to be
demonstrated with pre-patterned surfaces.
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Appendix A

1. The first step is the wait and idle step as designed by Zaber in order to program the stage.
2. Device 4, (Z-axis) moves up by 1 mm  at this step, the capillary is positioned right above
the stage so the drop formed at the tip can be gently dropped onto the stage.
3. Idle step precedes delay step.
4. Delay action is set in order to program a suitable time for operation  this number can be
adjusted to set a certain volume for the drop based on the flow rate used and the total time
it takes for a sequence.
5. Pause action  the device can be paused which allows the user ample time to position the
capillary in XYZ with respect to the mark on the sample using the micropositioner arm for
the capillary that is connected to the Newport base.
6. Device 4, (Z-axis) moves down by 1 mm  the drop was put down and the device is back
at the home position.
7. Idle step precedes delay step.
8. Pause action  allows the user to adjust if need be by pausing the program.
9. Device 2, (X-axis) moves 4 mm to the left (it can also be moved to the right by adding a –
sign before the number to change the orientation of the VSSI tip and the dispenser).
10. Idle step precedes delay.
11. Actuator (on which the VSSI tip is positioned) is actuated. A set 3.5 V is applied which
allows the actuator to move 3 cm forward.
12. Delay step is added to stabilize the actuator prior to stage movement.
13. Stage moves in Z-axis (device 4) by 0.4 mm.
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14. Idle step precedes speed adjustment.
15. A slower speed setting of the Zaber stage is enabled.
16. Stage moves in Z-axis (device 4) by 0.1 mm to finish nebulization of the drop.
17. Idle step precedes delay.
18. Delay enables the user to adjust the position of the VSSI tip on the visible mark on the
sample and XYZ of the pulled glass tip with respect to the MS inlet.
19. Maximum speed is set for the Z axis.
20. Pause action is enabled for adjustment of the stage if needed.
21. Voltage applied to the actuator is withdrawn  actuator retracts by 3 cm.
22. Delay action is added to adjust the drop size of the droplet in the capillary.
23. Z-axis retracts to home position at the maximum set speed.
24. Idle step is added prior to changing axes controls.
25. X-axis moves 4 mm to the next pixel.
26. Program sequence ends with idle step.
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Appendix B

inv=False
if inv == True:
raw=raw*-1+1

picture=[]
for i in range(0,21):
m=0
while m < 10:
rowpixels=raw[i,:]
for j in range(0,len(rowpixels)):
k=0
while k < 10:
picture.append(rowpixels[j])
k+=1
m+=1

picture=np.asarray(picture)
picture=np.reshape(picture,(210,210))

img=Image.fromarray(np.uint8(picture*255))
img.show()
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Chapter 5
Future Directions
5.1. Improving resolution for imaging:
In MALDI, spatial resolution is primarily determined by the size of the laser spot used for
ionization, the step size and speed of scanning[1]. The main issue for MALDI is the poor signal to
noise ratio, therefore, use for matrices with less ion suppression is beneficial to improve
resolution[2]. Image resolution can further be improved by tuning the ion abundance using tandem
mass spectrometry[3].
Chemical extraction based mass spectrometry imaging methods use liquid extraction of
analytes, which is similar to VSSI. In DESI imaging resolution is the size of the smallest feature
distinguishable in a chemical image[4]. It is optimized by adjusting the emitter incident angle,
spray tip-to-surface distance, solvent composition, solvent flow rate, spacing of lane scans,
nebulizing gas flow rate, step-size, diameter of the mass spectrometer entry orifice, scanning mode,
imaging scan-rate, and the mass spectrometer data acquisition rate[5–10]. In addition to the above
said parameters, having a uniform surface texture (size scale no larger than the desired image
resolution) and using a strong analyte and surface interaction improved imaging resolution as
demonstrated by Dahlia I. Campbell et. al[4]. In nanoDESI, the spatial resolution is determined
by the size of the liquid bridge formed between two glass capillaries and it can be optimized by
positioning the capillaries and the flow rate used for extraction[11]. Further, the spatial resolution
was pushed to 10 µm using a shear force microscope probe as demonstrated by Ruichuan Yin et.
al[11]. Using a tapping mode scanning probe electrospray ionization with a feedback control using
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a piezo actuator, the spatial resolution was further reduced to 6.5 µm due to the discrete pixeling
ability of the imaging system[12].
In VSSI, the sample carry over affects the imaging process. The current imaging system
can be improved to obtain a reliable, stable and better quality images by adapting the following
modifications:

5.1.1. Limiting back splashing:
VSSI tip used in the imaging instrumentation does not have a directionality of the plume.
Extracted and ionized droplets fall back on the sample leading to poor resolution and sample
contamination in the next pixel. In order to avoid this, a study of the plume directionality of the
device can be optimized by modifying the VSSI sharp tip positioning on the piezo electric
transducer. When the device is activated at a certain frequency and amplitude, the characteristics
of the plume generated can be recorded using a camera.

5.1.2. MS inlet modifications:
One major reason for the droplets falling back on the sample surface during ionization is
due to the fact that the suction by the MS inlet is not sufficient to draw the plume into the instrument.
Working on the ion transfer capillary and adjusting the vacuum levels using external pumps to
improve suctioning of the plume will reduce contamination of drops and improve quantification
and sensitivity of the method.

5.1.3. Using a grid to improve resolution:
The analyte carry over from one pixel to another is a major reason for spatial resolution
limitations of the method as defined by DESI and nano-DESI MSI. Using a thiol modified gold grid
on the sample surface will help contain the solvent drops to a defined area. Further, slightly larger
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drops can be formed in a smaller sample area contained by the hydrophobicity of the grid which
will improve the data points and the acquisition times can be pushed from 10 ms to 50 ms for
optimal ion collection and detection within the MS instrument.

5.1.4. Optimizing the drop volume and ionization:
A key parameter in liquid extraction based techniques is the ability to sample, extract and
ionize surface chemicals in a small well confined area. In DESI and nanoDESI it can be primarily
controlled by the solvent flow rate. In VSSI, by optimizing the solvent flow rate and the ionization
efficiency of the target molecules, the sampling sopt can be reduced. Further, calculating the drop
volume on the surface and using the drop volume as the step size will improve image resolution.

5.2 Tissue imaging:
Tissue imaging is a key factor in several biological disease progression and status
determination to determine the best method for treatment models[13]. Current imaging methods
include ultrasound scan, computed tomography (CT), positron emission tomography (PET) and
magnetic resonance imaging (MRI). To identify pathological conditions, a sample of the tissue is
extracted and subjected to light microscopy or fluorescence microscopy or other enzymatic tests
are used. With microscopy, the structure and morphological characteristics can be seen. With the
enzymatic tests approach the tissue samples are destroyed which is limited in availability.
Biological membrane serves as crucial mediators in cellular differentiation and proliferation and
it provides invaluable information about tumor formation and progression. Phospholipids on the
cell membrane serve important role in cell signaling and protein sorting and the physical and
chemical composition of the phospholipid is linked to several diseases such as cancer Alzheimer’s
disease[14]. Therefore, there is a need for a method in which we can image without destroying
the sample and further providing biological and chemical information of the sample.
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Tissue imaging of lipids and metabolites have been studied by DESI[15]. Imaging intact
uterine rat cancer tissue section to probe the surface of the diseased cells and normal cells can
provide useful information about disease progression. Probing concentrations of metabolites and
sampling concentrations at specific time points will provide cell function information. Further,
because the VSSI based imaging is a voltage free and gentle method of ionization[16], the tissue
section can be treated with chemicals or enzymes and the cell function can be probed after
incubation to understand the tissue response to drugs without destroying the sample.
Improved resolution is an advantageous feature for MSI. Current resolution in MSI is 1-2
µm for MALDI[17]. In nano-DESI, the spatial resolution was pushed to 10 µm by incorporating a
shear force probe with an OD of 10 µm[18]. In this method, the shear force probe helps maintain
a constant between the nanospray capillary and the surface of the sample via feedback using a
piezo electric oscillating probe. Here, the proof-of-concept VSSI imaging was designed on a XY
raster scan with the Z axis used for ionization steps at a fixed height. By incorporating a feedback
for the Z-axis in the LabVIEW program, the spatial and lateral resolution can be improved further
to image surface samples with differences in heights to image tissue sections.
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